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Abstract

A e e e o o

Techniques for off-site monitoring of foreign nuclear fuel reprocessing

g plants for indications of nuclear weapons proliferation are examined.Air
'5 sampling of the reprocessing plant exhaust plume and remote sensing of the
: | stack exhaust by infrared absorptiuvn spectrometiry and differential absorpe=
{ ! tion LIDAR are considered,The fission product ratiosixenon/krypton,xenon/
?‘ - Kr=85,Xe=136/Kr-85,and I-129/I-127 are shown to be positive indioators of
- ~ nﬁclear weapons proliferation,

Off-site monitoring by air sampling alone cannot establish the fission

Parapeny s 2

1 . product ratios with sufficient accuracy or certainty to detect Pu-239 iso=-

Jation or U-233 production,Detection of highly burned-up LWR fuel by air

} . sampling appears possible under favorable plant discharge and meteorolo-

y gical conditions,
F i C Remote sensing of the s*ack discharge by infrared absorption spectrome-
5 try for HI'29 and HI'?? appears feasible at a distance of 1 kilometer,

Measuvement of xenon and krypton concentrations at stack discharge using ;

»
.

j
. . 1
R i elther infrared absorption spectrometry or differential absorption LIDAR
4

I is not feasible,
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I, Intrﬁ ggtion

The spread of nuclear reastor technology carries with it the threat of
nuclear weapons proliferation,Countries which could not previsuwly develop
or construct the uranium enrichment facilities required to produce weapon
grade U-235 can develop nuclear weapons by either converting Th-232 to U=233
or transmuting U-238 to Pu=239.This can be accomplished with a nuclear
reactor to irradiats fertile nuclides awd a nuclear fuel reprocessing plant
tc separate the fissile nuclideas bred from fertile ones,However,both nuclear
reactors and nuclear fuel reprocessing plants are integral to the peaceful
uses of nucleur energy,The purpose of this study is to inveatigate the fea=-
8ibllity of monitoring nuclear fuel reprocessing plants from off-site loca=
tions for nuclear weapons proliferation,

A country determined to develop nuclear weapons would do so surrepiticus-
ly to avoid sanctione and political pressures,Once nuclear weapons had besn
developed anl possibly tested,little could or probably would be done by
other countries to stop the development process,The situation would likely
becone a falt accompli as in the case of India.

To hide its nuclear weapons ambitions,a country would have to either close
or severely restrict acceas to its nuclear facilities by the International
Atomic Energy Agency (JAEA) which monitors the use of nuclear materials,
Conmplete closure of nuclear facllities to international inspection wouid
4arouse great suspicion,Allowing only limited access to nuclear facilities
under some pretext might provide the opportunity to produce sufficent wea-
pon grade nuclear materials.In no case could a country permit a complete and
continuous accounting of all nuclear materials by the IAEA,

Due to the limitations of radwaste (radlation vasts) systems installed in

nuclear reactors and nuclear fuel reprocessing plants,small quantitlies of
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astable and radioactive nuclides are discharyged to the envircnment,This sug=
gastes the pomsibility of collecting the discharges from a reprocessirg plant
ard analyzing them for imlications of nuclear weapons development.,Whether the
dlschurges are present in sufficent concentration to accurately deacribe the
procesases occurring within the nuclear reprocessing plant is an cpen question
this study seeks to answer,Collecting or sensing the discharges from a repro=
cessing plant presupposes that close ln monltoring of a plant is possible,In
ihis atudy it is assumed that locatlons in close proximity to a nuclear fuel
reprocessing plant ares available on a continuows basis,

Both Goodwin (ref 1) ard Clark (ref 2) investigated off-site monitoring of
commercial nuclear power reactors by the collection of cesium and neodynium
radionuclides and the use-«f isotopic correlation techniques.Both Goodwin and
Clark's investigations were limited to monitoring for weapon-grade plutonium
(also known as Pu=239 isolation),Neither uf these investigators considered
the use of gaseous isotopes for off-site reactor monitoring,

Even if nuclear reactors were operated with only minimum radwaste systems,
the low fuel rod failure rate in modern day reactors (ref 3) makes off-site
proliferation monitoring of a reactor extremely.difficult and protebly im=-
vossible ,0ff-site monitoring of a nuclear fuel reprocessing plant appears
more promising due to the fact that the fuel cladding is breached/dissolved

and the fission products are released from the spent fuel matrices,
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stable and radicactive nuclides are discharged to the enviromment,This sug=
gests the possibility of collecting the discharges from a reprocessing plant
and analyzing them for indications of nuclear weapons development.,Whether the
discharges are present in sufficent concentratlion ‘o accurately describe the
processes occurring within the nuclear reprocessing plant is an open question
this study seeks to answer,Collecting or sensing the discharges from a repro-
cessing plant presupposes that close in monitoring of a plant is possible.In
this study it is assumed that locations in close proximity to a nuclear fuel
reprocessing plant are available on a continuous basis,

Both Goodwin (ref 1) and Clark (ref 2) investigated off-site monitoring of
commercial miclear power reactors by the collection of cesium and neodynium
radionuclides and the use-of isotopic correlation techniques.,Both Gocdwin and
Clark's investigations were limited to monitoring for weapon-grade plutonium
(also known as Pu-239 isolation).Neither of these investigators considered
the use of gaseous isotopes for off-site reactor monitoring.

Even if nuclear reactors were operated with only minimum radwaste systems,
the low fuel rod failure rate in modern day reactors (ref 3) makes off-aite
proliferation monitoring of a reasctor extremely.difficult and probtably im=

possible ,0ff-site monitoring of a nuclear fuel reprocessing plant appears

- l&re promising due to the fact that the fuel cladding is hreached/aissolved

and the fission producte are released from the spent fuel matrices,
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II. Nuclear Weapons Considsrations

A country determined to develop nuclear weapons must operate its nmuclear
reactors in & markedly different manner than that which is used for power
production,Economical generation of electrical power requires a long sus~
talned fisslon cycle whereas Pu=239 lsolaiion requires frequent shutdown of
the reactor for Fu~239 fenoval.If the Pu-239 is not removed from the reactor
cere soon after its formatlon,lt too absorbs neutrons and is converted to
Pu=240),Substantial amounts of Pu=-240 in a mixture of the two plutonium is-
otopes makes the mixture essentlally unusable in a weaponymoreover,the phy-
oical separation of these isotopes is even more difficul: than the enrich-
ment of uranium (ref 2),.Tables 1 and 2 of Appendix G give an indication of
the Pu~239 and Pu-240 content of irradiated U-238,

Production of U-233 from Th=232 is constrained in practice by the formation
of substantial amounts of '‘U-232,The radiation hazard associated with U=232
is considerable and would require remote handling of the U-233/U-232 mixture
from the time it was separated from the irradiated Th-232,Table 3 of Appendix
G gives an indication of the U«232 and U~233 content of irradiated Th=232,

Thus,in order to monitor a nuclear fuel reprocessing plant for all proli-
feration possibilities,four separate irradiation cases must be detectabdble and
1dentifiable,First,detection of Pu=239 isolation from INR (Light Water Reac-
tor) fuel must be mossible,Second,Pu-239 isolation from irradiated U-238

nust be detectable,Third,U=~233 production from irradiated Th-232 must be
identifiable,And finally,fully burned-up LWR fuel must be distinguishable

from the other three casec,
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I1I. Nuclear Fuel Reprocessing

Preaently,little commercial nuclear reactor fuvl is reprocessed But as
the world's supply of high grade uranium ores dwindles and the installed
nuclear power generating capacity in the world increases,many countries
will choose tc reprocess spent reactor fuel for reasons of economy and to
insure adequte suprlies of reactor fuel,The prospect of breedex reactors
operatiag in the 1990's will also increase the need and incentive to re-
process,

The types and amounts of fission products released to the environment
from a reprocessing plant ar2 contrclled by the design and efficiency of
the plant's radwaste system,Theoretically,all the fission products liber-
ated in a reprocessing plant could be contalued by a radwaste system which
encapsulates all solid,liquid,and gaseous matier preduced or involved in
the reprocessing operation.The cust of such a system wculd probvably meke
the reprocessing plant uneconomical.,At much lower coust a radwasie system
can be installed which contains practiﬁally 211 30lid and liquid matter,
but which releases the noble fission gases of krypior and xsnor tc the at=-
posphere,This is a relatively safe and aconomical procedure for irradinted
reactor fuel which has cooled fer at least 150 days due to the fact that ,
all the principal radionuclides of krypton and xenon,ercept Kruﬂs,have half=
lives of twelve days or less (ref 4:72).Something less than total contain-
ment of susperded particulates such as indine would occur due to the fact
that no particulate filtering system is oz would romain completely effec-
tive.

This study will investignte the use of radicactive Kr-85,stable xennn
isotopes (Xe-131,132,134,136),plus rediocactive I-129 and stabls I-127 to

monitor nuclear fuel reprocessing planis,All of ihese nuclides are produced
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I1I. Nuclear Fuel Reprocessing

Presently,little commercial nuclear reactor fuel is reprocessed ,But as
the world's supply of high grade uranium ores dwindles and the installed
nuclear power generating capacity in the world increases,many countries
will choose to reprocess spent reactor fuel for reasons of economy and to
insure adequte supplies of reactor fuel.The prospect of breeder reactors
operating in the 1990's will also increase the need amd incentive to re=~
process,

The types and amounts of fission products released to the environment
from a reprocessing plant are controlled by the design and efficiency of
the plant's radwaste system,Theoretically,all the fission products liber-
ated in a reprocessing plant could be contained by a radiwaste system which
encapsulates all solid,liqﬁid,and gaseous matter produced or involved in
the reprocessing operation.The cost of such ¢ system would probably make
the reprocessing plant uneconomical,At much lower cost a radwaste system
can be installed wnich contains practically all solid and liquid matter,
but, which releases the noble fissioiu gases of krypton and xenon to the at-
mosphere,This is a relatively safe and economical procedure for irradiated
reactor fuel which has cocled foi at least 150 days due to the fact that
all the principal radionuclides of krypton and xenon,except Ku=-85,have halfe

lives of twelve days or less (wef 4:72).Something less tuan total contain-
rent of suspznded jarticulates such as icdine would occur due to the fact
that no parciculate filtering system is or would remain completely effece
tive,
Thie study will investigate the use of radioactive Kr-85,atable xenon
isotopes (Xe-13t,132,134,136),plus radiocactive 1-129 and stable I-127 to

monitor nuclear fuel rsprocessing plants.All of these nuclides are produced
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in the thermal fission of U-233,U-235,and Pu=239,It is proposed in this
study that Kr-85 and xenon be collected from ‘he discharge plume of the
reprocessing plant by ailr samples,The Kr-8% concentration would then be
measured by nuclear instrumentation,The xenon concentration would be
measured by physical prncesses such as air ligquafaction-distillation and
thexrmal diffusion,The iodine concentrations would be remotely sensed at
the diachsxge stack of the reprocessing plant by infrared absorption
speotrometry,

An important consideration in the choice of these particular nuclides.
for prcliferation monitoring is the assumption that any material irradia-
ted in a nuclear reactor would be cooled for a relatively long period of
time prior to reprocessing (1ike 150 Aays or longer),If this were not the
caée ﬁ%d 1rradiateu fuel was reprocessed as it was removed from the reac=-
tor, than radionuclides of xenon would be present in the discharge,The best
cho1c“§of nuclides in such a case would be Kr-85 and the radionuclide of
xenon precent in the greatest concentration.This would permit both isotopes
to be measured by nuclsar means which would increase the sensitivity of the
monitoring process,hiowever,since this situstion is so unusual,it will not
be sonsidered in this study.

Kr-85,which has a 10,76 year half-life,decays to Rb=-85 by 0,672 MeV Beta
ninus emisslon (ref 4334).It is not considered to be a serious radiological
hacard around nuclear reactors as it is discharged to the environment at a
rate of orly JE=5 (3E-5 = 3x1075) times its production rate (ref 5:46).Dis-
charge of Kr-85 from a nuclear fuel reprocessing plant is much hligher,The
maximum annual dose from Kr-85 to nearest population (distance unspecified
in the reference) from a 1500 te/yr (metric ton per year) reprocessing

plant would be approximately 100 millirem assuming no long-term storage

and gero removal rate from the plant vicinity (i.e, no wind),If the removal

o i it
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rate of Kr-85 is 60%,the maximum annual dose decreases to approximately 50
nillirems,To 1limit the maximum annual dose to 5 millirems,without long-term
storage,the Kr-85 removal rate must be greater than 98% (ref 61610-1),Thus,
it 1s logical to conclude that reprocessing plants will have short-term,
fission gas storage capability so that Kr<85 may be discharged under suit-
able meteorological conditions,The alternative to short-term storage (clo-
sure of the reproceseing plant during unfavorable meteorological conditions)
would cost 30,000 to 60,000 dollars per metric ton of daily capacity per day
for the duration of the shutdown (ref 5:43),

The long=term,global implications of increased Kr-85 discharge to the
environment are more serious and will eventually require intermational
action (ref 5).The global,projected annual dose to the skin from Kr-85 in"
2000 AD is 2,0 millirem compared to an estimated dose of 0,03 millirem in
1970,The goradal dose should increase from 2E~4 millirad in 1970 to 2E-2
nillirad in 2000 AD,While the dose rate in 2000 AD should still be small com=
pared to the natural background dose rate,the projected increase from 2000
AD to 2050 AD is large,The annual dose to skin in 2050 AD from Kr-85 would
range from 20 to 200 millirem assuming no containment or lo.ng-tern storage,
Thus,by 2050 AD the skin dose rate from Kr-85 could approach or even exceed
the dose rate f:lr:om the e;ternal corponent of natural radiation (ref S:34),
Howsver,until 2000 AD,reprocessing plants will probably not contain Kr-85,
but will discharge it slong with other stat'e krypton and xenon isotopes to
the atmosphere,Betwsen 2000 AD and 2050 AD, reprocessing plants will proba=-
bly be equipped with long-term storage and/or permanent Kr-85 disposal cap-
abilities.Appendix A contains some proposed methods for Kr-85 disposal.
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1V, Fiesion Product Yields

The binary fission of U=233,U=235,ard Pu-239 by thermal neutrons produces
similar double hump curves which are shown in Figures 1 and 2,The fission
product yields of these nuclides differ significantly at the *1ight end”

of the curves.,At the "heavy" end of the curves the fission product ylelds of

these nuclides are similar
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Figure 1, Figure 2,

Fission Product Yields of U-233,U-235,and Pu-239 (ref 7)

Four,stable xenon isotopes (xe-131,132,134,and 136) are produced in the
radiocactive decay of fission products of U-233,U-235,and Pu~-239,.(Stable
Xe-129 which is also produced in fission is in secular equilibrium with
1,78+7 year half-life I-129 and will “e disregarded).

All three fissile nuclides produce radiocactive Kr-85 in fission plus
three other stable krypton isotopes - (Kr-83,84,and 86) (ref 8).Appendix B

contains the decay schenmes for these eight krypton and xenon isotopes.
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Table 1 presents the percent ylelds of these flssion products (vef 8),

Table 1.
Fission Product Yields (%)
of Krypton and Xenon Isotopes

Isotope U=2 U=2 Pu-2
h oL 1.01 ) . .

Kr-84 1,68 0.986 0. 482
Kr-85 0,493 0,297 0,127
Kr-86 2,84 1,95 0,761
i:;pgznpgzztopes 6.03 3.77 1.67
Xe-131 3.52 2,8 3.74
Xe-132 4,82 4,20 5.23
Xo-134 6.13 7.65 2,42
Xe-136 6.87 6.18 6,47
Ronon Tagtopes 21,3 20.86 22,86

The similarity of the xenon ylelds and the divergence of the krypton ylelds
in Table 1 suggests two possible methods for identifying fimsioned nuclei,
Xe-l}6[§r-8§ Ratlo

The ratio of the discharge plume concentrations of the heaviest stable
isotope of xenon (ref 4:173) to Kr-85 positively identifies the fissioned
nuclide producing the two fission products,Ratios of Xe-136 to Kr-85 using

values of Table 1 are presented in Table 2,

Table 2,
Xe=136 to Kr-85 Ratlos

U-zgg U-2135 Pu-2
13, 20.51 50,
Ueing the Xe=-136/Kr-85 ratio as a nuclear weapons proliferation indicator

has two advantages,
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o 1.The ratio is independent of the plant processing rate
- 2,Exhaust stack dilution and atmospheric dispersion do not
affect the ratio

The disadvantage of this ratlio is that a single stable isotope of xenon

% | must be accurately measured while mixed with the other eight stable xenon
| ' isotopes (ref 4171-3),The task is made sonewhat easier by the fact that
; g the natural abundance of Xe-136 is only 0,0077 ppm by volums in air and
| the next heaviest xenon isotope is Xe=134 which has a natural abundance of
0,0091 ppm by volume in air (ref 143707).Additionally,the Xe=136 isotope

has been enriched to a concentration of 99% from a sample of natural xenon

R .

é (ref 141708).

g } < Xenon Isotopes/Kr-85 Ratio

F E If the exhaust plume concentration of the fission-produced,st=ble xenon

o isotopes in Table 1 is ratioed to the Ki-85 concentration in the plume,the }

following ratios are formed from the recommended values of Table 1,

? Table 3.
! Xenon Isotopes to Xr-85 Ratios
. i ;
- U-2 U-235 Pu=2 ]
R 3e29 70,2 180,00 )
. _ Like the Xe=136/Kr-85 ratio,this ratio positively identifies the figsioned

nuclide,The advantages of this ratio are the same as for Xe-136/Kr-85 with
the added advantage that only the total conceniration of fisslion-produced,

atable xenor. isotopes need be measured,The disadvantage of this ratio is

1 that the fission-produced xenon must be measured against the relatively

‘ | higher natural xenor abundance of 0.087 ppm by volums of air (ref 14:1706),
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V. Atmospheric Dispersion of Stack Gases

Tne atmospheric dispersion of the gaseous plume from a nuclear facility
is generzlly treated using Pasquill's diffusion equation assuming total ‘ .
reflection rrom the ground (ref 15,16),

Aixzz,)= gﬁ%;;exv(-yz/%i)Exp{- %%}QZ}* exv{- %ﬂﬂ (eqn 1)

Hhor@:x tconcentration at a sampling point (x,y,z)
x =d¢r mwind distance y=crosswind distance
g mheight of sampling point above ground level (AGL)
H =effective stac% neight u=horizoatal wind velocity
Q =stack discharge rate
d?y=horizonta1 standarl deviatlion of the plume
E?u=vertiral standard deviation of the plume

The e¢frective stack height,H,is equal to the stack height plus the plume
ries, h,above tke top of the stack,The plume rise is sstimated with the

following expreseion (r-f 15),

ab=a(Ve/u)t*t  (ean 2)
Where d=stack diameter

u=horizontal wind velocity

Va=stack offluent velocity
The horizontal and vertical standard deviations of the exhaust plume are
conplex functiona of wind speed,kinematic viecosity,and atmospheric lapse
rate ,However,for dispersion over level surfaces in conditions of small
temperature gradient and moderate wind,§, and G, nay be closely estimated

by the following squationa (ref 161292),
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1.
620,080 (oqn 3)
6 Z=0.02(x)" 77 (ean )
Where x, y.G; in equations 3 and 4 are in centimetars,
Under these conditions,the solution to Pasquill's equation has the follow=

ing properties (ref 16:1294),

1.7\ anx” ;-ﬂ-%-}-;z (eqn 5)
The maximun ground level plume concentration is directly proportiomal %o
the discharge rate from the exhoust stack and inversely proportionsl to the

wind sveed and the cquare of the effective stack height,

z2,0.57
2. x“x=6.28(l-l‘) 5 (¢qn 6)
The distance of the point of maximum concentxation on tiie ground from the
buse of the exhaust stack is proportional to the square of the effsctive
stack height raised to the 0,571 power whers both H and x :ye expressed in
centimstors,
Some results cbtained using equation 1 are presented below in Table 4,
Table &,
Centerline Plume Corcentrations (milligram/meterl);
Three meters AGL Sampling Height Downwind of a 1

gran/sec Elevated Source;l meter/sec wind speed;
Neutral Atmospheric Stability

“Bffective Stack Distance from Stack (meters)
Height (meters 250 00 750 100 1500 200
e L E a7
20 0.24 0.26 C.17 0.12 0.06 0.0k
30 0,02 0.13 0.12 0,09 0.06 0,04
4o .00 0.05 0.07 0.07 0.05 0.03
50 0.,U0 0.01 0,04 0.05 0.04 0.03
75 0.00 0,00 0,00 0,00 002 0,02
100 0,00 c.00 0,00 0.00 0.01 0,01
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If an inversion lay.. exisis,a reflection term is added to equation 1
as follows (ref 6160),

| X %38y araton = A KeT8)00 1overaton * (o
| e ,,,,[.0,5 iomparaanf .flil
% .

‘ Whereo(= the reflection factor of the inversion layer,and

Zinversion™ the height of the inversion layer (AGL) ?
5 Tables 5 and 6 give the centerline plume concentrations downwind of & ?

1 grtn/sec elevated source with inversion layers at 100 meters and 50 meters
} - AGL respectively and an inversion layer reflection factor of 1,0,

Table 5,

Centerline Plume Concentrations (milligrams/meterj);
Three meters AGL Sampling Height Downwind of a 1
gram/sec Elevated Source;l metcr/sec wind speed;

L Neutrel Atmospheric Statility;Inversion Layer at
i ' 100 meters AGL

Effective Siack Distance from Stack (meters

Helght émeters) E36""'f366"""‘6“"‘f666'3'”'ir7&%""1&%%7"""

. ‘ 1 0.97 0,40 0.2 0.1 0.07 0,04

o 20 0.2% 0,26 0.7 0,12 0,06 0,04 }
30 0,02 0,13 0,12 0,09 0,06 0,04 e

40 0,00 0,05 0,07 0,07 0,05 0.03

50 0,00 0,00 0,06 0,05 0.0l 0,03

P T

TR o NP

i

75 G.00 0,00 0,00 0,01 0,02 0,02

é 100 0,00 0,00 0,00 0,00 0.01 0.0t

' Table 5 indicates no increase in plume concentraticn due to an inversion

layer at 100 meters AGL for distances up to 2000 meters from the stack,
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{ Table 60

l Centerline Plume Concentrations (nillimn/mtor‘});
g Three metexs ACL Sampling Height Downwind of a 1 gra
E sec Elevated Source;l motor/uo wind apeed;Neutral

! Atmospheric StablilityjInversion Layer at 50 meters AGL
i

}

|

Effective Stack Distance from Stack (meters
Helght émeters) 0 15 2000
[ ) [} [ ) [ ] 2 .1“ L} L ]
20

0.2k 0.26 0.17 0.13 0,07 0,05

% 30 . 0.02 0.13 0.12 0.10 0.07 0.05
3 ko 0,00 0.05 0,07 0,09 0,07 0,04
‘: | E 50 0,00 0,01 0,06 0,08 0,06  0,Ch 4
l k The presence of an inversion laye» at 50 meters ACL does little to inorease ‘
] )_ the concentrations close to the stack (750 meters or less).At rreater dis-
b - i tances the plume concentrations are increased approximately 20%.Due to the
Z ' , negligible increase in plume conceniration close to the atack,inversicn
? : ( layer effects may be disregarded, :
', ‘ The maximum,ground 1lsvel plume concentrations are computed from equation
E 5 for the conditions of Table 4,They are presented with the optimum sample-
'I
5 ‘ ing distances in Table 7,
* Table 7, ]
’ Maximuwm Centerling Plume Concentrations ;
(milligrams/meter”) at Groumd Level '
Downwind of a 1 gram/sec Elevated Source
'_- | with Neutral Atmospheric Stability ]
3 | S — ‘
| 10 117 1 ;
20 0,29 370
30 0.13 588
’ ko 0.07 816
50 0.05 1053
v 75 0,02 1673 ,
100 0,01 232k |
34
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E ' . Only neutral atmospheric stablility will be conaidered for off-site mon~
f L itoring as it is easily treated and provides near meximum plume concentra=
* tions.Positive atmospheric stability is more difficult to treat und yleids

lower plume concentrations,Negative atmospheric atablliity is similar to the

case of neutral atmospheric siability with a low invernion layer axd total
reflection,Since negative stability produces only slightly greatsr plume

concentrations than neutral stability,negative atmospheric stability will

not bs considered,

A method for computing the mean concentration at ground level over 1 22,5

CTT

degree sector from a contlnucus point source is presented below (ref 5:151),
S Y
3 \ 0.8
‘ - [2)°" f
' } N| c *(Tr) {u ® x . S (equ 8)

C.
Whers 6} = (26,t)%7 Q= dlecharge zate
” Kg = 5.0 motarsz/sec,the vertical diffusion coefficent

n.,,.-
v -

.,

f = frequency of wind in ths sector

i u = mean wind speed in the sector

© =17/8,sector width in radians

x = distance from source

1 é t = plume travel time

? The value of Ky is considered to be a reasonable,day-night,all ~weather
annual average for the lower troposphere,If the parameters of Table 7 are

used in equation 8,the mean concentration cver the 22,5 degree sector is

approximately 40% of the maximum centerline concentrations for 588,816,1nd 3

1053 meters,
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V1. Xenon

The natural abundance of xenon in the atmosphere is 0,087 ppu by volume
(ref 14),The number density of air is 2,5488+25/meter’ at siandard temp-
erature and pressure (ref 17:3{&97).'1‘!113 amounts to 2,22B+18 xenon atoms/
meter> of air.Xencn ls separated from air,like nost of the noble gases,by
air liquefacation-distillation (xef 14:708),To assure accurate measurement
of fission-produced xenon discharged from a reprocessing plant,it is as-
suned that it must exist at an off-site sampling point in a concentrat;on
at least equal to the natural abundance (i,e, 2,22E+18 xenon atoms/meter>)
(ref 18).Using 6,023E+23 xenon a.toms/mole requires a m’ nimum plume concen-
tration of fission-produced xenon of 3.69E-6 moles/meter3 at a sampling
point,The average atomic weight of xenon isotopes discharged from a repro=
cessing plant is 133.6 from a welghted average of the isotopes in Table 1,
Thus the minimum plume concentration of fission-producéd xenon at a sam-
pling point must be 4,93E-4 gra,ms/meter3 .

From Table 7,the maximum plume concentrations downwind of a 1 gram/sec
elevated source ranges from 1,17 to 0,01 milligrams/meter3 depending on
stack height,wind speed,atmospheric stability,and stack dilutlion.Assuming
that air samples can be continuously collected as close as 588 meters from
the discharge stack of a reprocessing plant,Table 8 gives several combina=
tions of wind speea,stack height,and source rate required to produce a

groaisi-levol,centerline plume concentration of 4,93E-4 grams xenox/neteﬂ.

15
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Table 8.
Conditions for a Center-line,Ground-level,
Xenon Isotopes Concentration of 4,93E-! grams/meterd;
Neutrally Stable Atmosphere

gf{ective Stack Wind Speed Source Rate Optimum Sampling
eight (meters meters/sec ns/sec Distance (meters

ho 5 - 3.25 816

50 0.5 5425 1053

30 1.0 3,80 588

40 1.0 6.75 816

50 1,0 10,50 1053

30 2,0 7.55 588

40 2,0 13,45 816

50 2.0 21,05 1053

The natural abundance of Xe-{36 in the atmosphere is 0,0077 ppm by vol-
ume (ref 14),This amounts to 1,96B+17 Xe-136 atoms/meterd in air,The Xe-136
1sotope has been enriched to a 99% concentration from natural xenon using
the thermal diffusion effect of gases (ref 14:708),.Assuming accurate mea=
surement requires a plume concentration at least equal.to the natural abun-
dance,the minimun plume concentration is 4,43E~5 grams Xe-136/meter3 at
the sampling point,Table 9 gives several combinations of astack height,wind
speed ,and source rute required for a center-line,ground-level,plume con-
centration of 4,43E-5 grams Xe-136/meter>,

Table 9,
Conditions for a Center-line.Ground-levelj'

Xe=-136 Concentration of 4.43E-5 grams/meter
Neutrally Stable Atmosphere

Effective Stack Wind Speed Source Rate Optimum Sampling
Height gmeterSQ (meters/sec) mns/sec Distance (meters
0.5 .20
Lo 0.5 0,30 816
50 0.5 0.45 : 1053
30 1.0 0,40 588
Lo 1,0 0.65 816
50 1,0 0,90 1053
{ 30 2,0 0,80 568
40 2,0 1.25 816
50 2,0 1.95 1053
16
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VII, Krypton 3

The natural abundance of krypton in the atmosphere is 1,14 ppm by volume ;
{ref 14).With the number density of air being 2,548E+25/meter] (ref 171
3497) , this amounte to 2,905E+19 krypton atoms/meter’ in air.Using 6,0238+23

krypton atoms/mole and atomic weight of 83,8,the natural abundance of
krypton in the atmosphere is 4,04E<3 grams/meter>,

Kr-85 is released to the environment priririly through nuclear weapons
testing and nuclear power generation.Only insignificant amounts of Kr-85
are produced from cosmic ray induced reactions of Kr-84 and the spontaneous
fission of natural Uranium (ref 5;2),The Kr-85 releases from nuclear reac-
tors are insignificant compared to the releases from nuclear fuel repro-
cessing planta (ref 5:2),The global concentration of Kr-85 is rising stead-
ily (Appendix C) and by 2000 AD the average concentration in the Northern
Hemisphere is projected to be 1,8E~9 Curies/meter> with a possibility of
being 7E~9 Curies/meter3 depending on installed capaclity,reactor mix,and
uncertainties in meteorological calculations (ref 5i33).

The 300 te/yr Nuclear Fuel Services (NFS) reprocessing plant at West
Valley,N,Y, released approximately 5,000 Curles Kr-85/te of fuel repro=-
ceased (ref 5:7).The 1500 te/yr Allied-Gulf Nuclear Services fuel repro-
cessing plant at Barnwell,S,C, is projected to release approximately 10,000
Curies Kr-85/te of fuel reprocessed (ref 5:7).Assuming 5,000 Curies Kr-85/
te is continuously and uniformly discharged over 24 hours,the mxinup ground

level concentration of Kr-8%5 at 1,000 meters downwind from a 50 meter stack
in a 1,0 meter/sec wind and neutrally stable atmosphere would be 3E=6 Curies
Kr-85/neter3/te of fuel reproceased,With only one metric ton of fuel repro-
cessed per day,the Kv=85 concentration in the discharge plume would be great-

er than the projected Kr-85 background level in 2000 AD by a factor of 50u

17
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‘0 2,000,0bviously,the Kr-B85 concentration of the discharge plume from

& rucleaxr fuel reprocessing plant is much greater than the global back=-
ground level and will remain so beyond 2000 AD,.Thus,the background level
of Xr-85 will not limit the ability to measure the Kr-85 concentrations

in close proximity of a nuclear fuel reprocessing plant,

18
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VIII. Relative Dispersion of Xenon and Krypton

The dispersion of krypton and xenon within the gassous plume from a

nuclear fuel reprocessing plant is essentially the same,When knowr concen-
trations of Kr-85 and Xe~133 were released from the wasts surge spnere of

the Haddam Neck PWR muclear power station,the same ratio of concentrations

was measured (within statistical uncertainty) on two separute occasions at
a point 0,6 km downwind from the stack (ref 19:38,98).Based upon these
measurements,it is assumed that the xenon to krypton ratio present within

the gaseous holding tanks of a reprocessing plant will remain unchanged

” N PN P e cm i emi

during stack discharge and plume dispersion, ;
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IX. Reprocessing Plants

——

The capacity and method of operation of a muclear fuel reprocessing plant

Bt TS s # b 2t e <

determines the rate of discharge of xenon and krypton,The rate of discharge
in turn influences the probability of accurate measurement at a sampling
point,.Current reprocessing plan;t capacities range from 10 te/yr for pilot
and demonstration plants up to 2500 te/yr for large scale commercial oper-
ations.Appendix F contains a list of world reprocessing plants,

The Allied-Gulf Nuclear Services (AGNS) plant at Barnwell,S.C, (ref 211939)

e o A S 1 A v

T is a 1500 te/yr commercial nuclear fuel reprocessing plant designed for Light

. s A

Water Reactor (INR) fuel.The plant uses a basic Purex process and has a daily
;- processing rate or through=- put of flve te/day,The dissolver unit,where the

ST R T T TR TR e e s T

; fission gases are released from the fuel matrices,is desligned fer nearly con- j
tinuous dissolution to keep the fission gas discharge rate and hence the Kr-i5
( '_ 9 off-site exposure rate nearly constant, . 3

The AGNS plant is projected to release approximately 1,58+7 Curies of Kr-85 :

i o A e
.

annually from a 100 meter stack while mixed with 61,4 meters3/sec of venti-

ghhahda

‘. J lation air,The calculated annual dose to an unclothed person standing at the
fence of the AGNS plant for 24 hours/day,every day of the year,is 0,18 milli-
ren to the whole body and 8,1 millirem to the naked skin,The plant is designed ’

to be retrofitted with a krypton confinement,recovery,or disposal system when

such technology is adequately demos'tra.teé (vef 211940),The AGNS plant has
been an expensive undertaking (80? milli;n dollars) and cannot be conside?ed
typlcal of reprocessing plants in other countries,It can easily be character-
ized as the "worst" case example for off-site proliferﬁ.tion monitoring,
Reprocessing plants in other countries will likely be built with economy of

construction and operation in mind,Shorter Aiacharge stacks are more likely :

as they lower construction costs,Greater reliance would be placed on temporary

20

.- * » L . .
- - - g . - I - - .o M oo ™ - AL N N - . . - [



CTHTR MG D e e e e P e e

‘s
g+ : -
7

storage and selective discharge rather than on very high stack dilution
which requires a large expenditure of electrical energy.less sophisticated
plants would operate or a tatch prooeéaing method 1ike the West Valley
plant in order to reducs the initial investment in plant equipment,A re-
processing plant built near a heavily populated area might well operate so
as to discharge fission gases 1n certaln directions only.By waiting for the
required meteorological conditlions,a plant might discharge an entire day's
or several_ days' accumulation of fission gases in a relatively short period
of time,The optimum case for off-site proliferation monitoring would include
the following,

1.,Low effective stack height

2,High through~put

3.Periodic discharge of accumulated fission gases over short
intervals of time in predictable directions

‘&.i.ight wind conditions

5.Neutrally stable atmosphere and/or a low inversion layer

6.,Minimum or no stack dilution

7.Short sampling point to stack distance

First,a 1500 te/yr fuel reprocessing plant with a 5 te/day through-put is

considered under both continuous and periodic discharge conditions,The
fission gas discharge 1s assumed to be diluted wlth ventilatlion air ina
ratio of 10 parts ventilation air to 1 part fisslon gas by weight,When this
stack dilution is applied to Tables 8 and 9,the required output rate in-
creases by a factor of ten and is reflected in Tables 10 and 1i,
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Tadble {C,
( Conditions for a Center-line,Ground-level,Xenon
Isotopes Concentration of 4,93E-4 gra.ms/meter
Reutrally Stable Atmosphere;10:1 Stack Dilution
Effective Stack Wind Speed Output Rate Optimum Sampling
. Helght smeters} Qmeters[eec[ S@msésec} Distauce (meters)
] 05 190 5
Lo 0.5 - 335 816
! 50 0.5 52.5 1053
i
i 30 1,0 38,0 588
4o 1.0 67.0 816
50 1.0 105,0 1053
» 30 2.0 75.5 588
) 50 2.0 210.5 1053
I Table 11,
? ‘. j Conditions for a Center-line,Ground-%evel.Xe-iBé
’ ~ Concentration of 4,438-5 grams/meter’jNeutrally
; B Stable Atmosphere;10;1 Stack Dilution
; Effective Stack Wind Speed Output Rate Optimum Sampling
. i Height gmetersz gmeters(secz ms/see Distance (meters
: 0,5 . - 3
i . A I
} o 4o 0,5 3.0 816 .;
: | 50 0.5 5 1053
l } 30 1.0 &,0 588
: ¥ ho 1,0 6.5 316
L. 30 2,0 8,0 588 .,
[ 40 2,0 12,5 816 z
3 50 2,0 19.5 1053
K 4
Although a stack dilution of 10:1 is not high by U.S, standards (ref 15:
ﬁ 21),1it is considered reasonable for less sophisticated nuclear fuel re- |
processing plants in some foreign countries which might opt to develop
nuclear weapons.High stack dilution requires both a sizeable investment in
: ~. plant equipment and a great expenditure of electrical energy to move large
! volumes of ventilation air,For a country which is not interested in achiev- j
L“ | ' ing the lowest possible off-site exposure rate and/or which intends to ]
&'\J/‘\'\ ¥ “'
{ discharge fission gases periodically in certain directions only,a stack g
i - f. dilution of 10:11 would be both adequate and economical, *
-~
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X, ORIGEN Code

In order to test the premise that a ratio of xenon to krypton or a ratio
of iodine isotopes can identify fisslle nuclides,the Oak Ridge National
Laboratory Isotope Generation and Depletion (ORIGEN) code s employed
(ref 22),0RIGEN is a versatile point depletion code which solves the equa-
tions of radioactive growth and decay for large numbers of isotopes,It has
been used to compute the compositions and radiocactivity of fisslon products,
cladding materials,and fuel for several types of reactors,

ORIGEN uses the matrix exponential method to solve a large system of
coupled ,linear,first-order ordinary differential equations with constant
coefficents,The general nature of the matrix exponential method rernits the
treatment of complex decay and transmutation sachemes.An extensive library
of miclear data has been compiled,including half-lives,decay schemes,neu-
tron absorption cross sections,fisslion ylelds,disintegration energies,and
multi-group photon release data,

Since the IWNR is the dominant reactor in the world today and will remain
so for many years to come,this study will examine fissile and fertlle nuc=~
1ides irradiated in LWRs only.The ORIGEN library for LWRs contains direct
fission product yield data for the following,

1, U=2331thermal neutron induced fission

2, U=235sthermal neutron induced flssion

3., U-238:fission spectrum

4, Fu=-239sthermal neutron induced fission

ORIGEN contains a sample problem simulating a pressurized water reactor
(PWR) in which fuel with an initial U-235 enrichment of 3.3% is exposed
for a period of up :0 1100 days in 110 dey intervals.The eample problem

uses a constant specific power of 30 megawatts per metric ton of uranium

sl 108 e A
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» fuel charged to the reactor core,Fither a constant power or a constant flux
i ] my be specified for each of the irradiation intervuls used in the ORIGEN
code.Appendix ¥ contains the flux values utilized in the ORIGEN sample prob-
lem when a specific power of 30 megawatts/te is used,
|
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» XI, Spent LWR Fuel
The xenon and Kr-85 produced when 3,3% enriched LWR fuel is irradiated at
the flux levels of Appendix F and cooled for either 150 or 750 days are gl

ven in Tables 4 and 5 of Appendix G,The ratios of xenon to Kr-85 under the
sane conditions are presented in Tables $ and 7 of Appendix G,The daily

acoumulation of xenon and Kr-8% from a five te/day reprocessing plant is in-

‘ | dicated in Tables 8 and 9 of Appendix G,A continuous,uniform discharge of
xenon and krypton is considered first,From Tables 10 and 11,the minimum
source rates are selected for accurate measurement of xenon isotopes and

Xe-136,These source rates correspond to a 30 meter effective stack height,

}‘ 0.5 meter/s¢c wind speed,optimum sampling distance of 588 meters,neutrally
e stable atmosphere,and 1011 stack dilution,The same scurce rates will be
i used again when U-238 and Th-232 are considered,The results for spent LWR
(“: fuel are presented in Table 12,
Table 12,
: Continuous,Uniform Discharge (grams/sec)
: of Xenon;Five te/day Reprocessing Plant
E ‘ é Irradiation Xenon Isotopes. Xe-136 .
3 'rimeusgazsz 0_161_1.:_8_135 Minigl.igg d Q%%%}_ Minz,.Reg d |
T 220 0.06 " 0,03 " |
330 0,09 " o0 "
430 0.12 . 0,05 .
. 550 0.15 " 0.07 " |
| 860 0.19 " 0,08 . |
| 770 0.22 " 0,09 " ]
| 880 0.25 " 0,11 " J
990 0,28 " 0.12 € J
(. 1100 0.3t . 0.13 ? !
>
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From Table 12,the output rate is too low by at least a factor of 62 for

xenon isotopes and by a factor of 16 for Xe=136,It is evident that neither

the xenon isotopes nor the Xe-136 concentrationa in the exhaust plume can be

accurately measured if the 5 te/day eaitts a continuous,uniform discharge.If

xenon is stored and then diecharged periodically over short intervals of

time,the probability of accurate measurement increases,Table 13 pressnts a

ten minute,uniform discharge of one day's xenon acocumulation in a five te/

day reprocessing plant.

Irradiation

Time édaxs!

220
330
440

550
660

770
880

990
1100

Table 13,

Xenon Isotpes

8,64
12,96
17.28
21,60
27,36
31.68
36,00
40,32
by, 64

Min, Req'd

19,0

Discharge Rate (grams/sec) of
Xan niTen Minute Release

Xe=136

OQutput Ml 5 Req'd
r.Eu n . e

k.32
5.76
7.20
10,08
11,52
12,96
15.84
17.28
18,72

Accurate msasurement of xenon isotopes is possible for LWR fuel irradi-

ated for at leaat 550 days,The requirement for accurate measurement of Xe-

136 is net somewhere between 110 and 220 days.Furthar examination of Table

10 indicates that even under the most favorable conditioas,the requirement

for accurate measurement of xenon isotopes is met for only two other com=

binations of stack height and wind speed,Therefore,the xenon isotopes/Kr- i

85 ratin would have little utility and will not be considered further for




spent IWR fuel,
L The requirement for accurate measurement of Xe-136 is met for all com=-

binatlons of stack height and wind speed in Table 11 provided the spent LWR

fuel was irrediated for at least 880 days,The Pu=239 yleld at 850 days is

5.234% kag/te while the Pu-240 content is 26,7% (Table 2 Appendix G),Table 14
presents the release of a day's accumulation of Xe=136 in a five te/day

! reprocessing plant over a 30 minute interval,

Table il4,
y Discharge Rate (grams/sec) of

R ! Irradistion Xe=136;Thirty Minute Release Youi36 ;
! Timeiégaxst Xeuigf Output Min!'geg'd 1
| " . 220 ™ "
. 0 1,92 " i
k0 2,40 " i
- 550 3.36 - i

660 3.84 "

’ 770 h,32 "

2 | 880 5.28 -

) 990 5.76 "

! 1100 6.24 "

Table i1 shows that accurate measurement of the Xe-136 concentration is

E ‘ ' posaible for all stack heights for a wind speed of 0.5 meters/sec provided
. that the IWR fuel was irradiated for at least 880 days,

) ‘ In summary,the reprocessing of spent LWR fuel irradiated for at least 880

\ ! days could be datected under the following conditions,

o e i e S N v e " Ll s

A, Ten minute discharge of one day's accumulation of Xe-136
in a five te/day reprocessing plant

1 .Bffective stack helght of 40 metera or less

e 2.,Wind speed of 2.0 meters/sec or less

pr
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L 3.Sampling point to stack distunce of 588 to 816 meters
- 4, Neutrally stable atmosphere
! 5.5tack dilution of 1011

B.Thirty minute dischargs of one day's accumulation of Xe-136
in a fivs te/day reprocessing plant

1.,Effective stack height of 50 meters or less

% ' 2.,Wind speed of 0,5 metes/sec or less

3.Sampling point to stack distance of 588 to 1053 meters

» h,Stack dilution of 10s1 4
: i ;
Y The Xe-136/Kr-S5 ratio in either the ten or thirty minute discharges H
E\ . would range from 75.9 to 90,8 depending on the irradiation period and the
g } N~ cooling time of the spent IWR fuel,
i .
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i- XII. U-238
L
1 The xenon a1d Kr-85 produced when U-238 is irradiated in a PWR with a
r specific power of 30 mega.watts/te and allowed to cool for either 150 or
* i 750 days are given in Tables 10 and 11 of Appendix G.The ratios of xsnon to
[ r Kr-85 for these conditions are presented in Tables 12 and 13 of Appendix G,
g The daily accumulation of xenon and Kr-85 in a five te/day plant reproces~
sing the irradiated U-238 is indicated in Tables 14 amd 15 of Appendix G,
: | A continuous,uniform discharge of xenon and Kr-85 from the five te/day
: reprocessing plant is considered first.,The minimum source rates for accﬁ-
; 3‘ rate measurement of xenon isotopes and Xe-i136 are again taken from Tables
g ) 10 and 11 (i,e, 19,0 grams]sec for xenon isotopes and 2,0 grams/sec for Xe-
5 ' 136) .The actual output rates are compared to the minimum source rates re- 3
quired for accurate measurement in Table 15, j
: o Table 15, §
L Continuous,Uniform Discharge (grams/sec) of i
- Xenon;Five te/day Reprocessing Plant;U-238 ,
- } Irradiation Xenon Tsotopes Xe=136
N Time (days Output Min, Req'd Output Min, Req'd
P, 11 0.003 19,0 0.001 2,0
i 220 0.01 " 0,004 "
| 330 0,02 " } 0.008 "
o 0.03 - 0,013 . |
550 0,05 " 0,019 "
660 0,06 " 0,025 "
.' 770 0,08 " 0,033 " _1
880 0,10 " 0,042 " %
990 0.12 " 0.05 " :
1100 0,14 " 0,060 " q

From Table 15,the output rates for continuous,uniform disctm:ge are too




low by at least a factor of 136 for xenon isotopes and by a factor of 33 for

l - Xe~136,Thus,of f-site monitoring of a five te/da.y reprocessing plant emitting
a continuous,uniform discharge cannot detect the reprocessing of irradisted :
i y-238,
! 'I‘a.lf}e 16 presents a ten minute,uniform discharge of one day's accumulation
: of x;”hon in a five te/day plant reprocessing irradiated U-238, ’
; Table 16,
! Discharge Rate (grams/sec) of
} Xenon;Ten Minute Release
; | 5 Irradiation Xenon Isotopes Xe=136
, £ Time Sda.xsz Output Min, Req'd Output MKin, Req'd :
. 3 110 0, 19,0 0.19 2,0 : ]
+ . 220 1.46 - 0,50 " '
: 330 2.83 - 1.18 -
4o e " 1.90 .
. 550 6,54 " 2,7 "
660 8.82 " 3.72 "
770 11,36 " 4,79 "
2 880 14,14 n 5,98 " '
' . 990 17.15 " 7.28 "
1100 20,38 " 8,66 "
The requirement for accurate measurement of the xenon isotopes is satisfied
only for U-238 irradiated for 1100 days,Table 10 shows that the measurement
requirement cannot be met for any other combination of stack helght and wind ‘
g ! speed , Therefore,the xenon isotopes/Kr-85 ratio would have virtually no utili- “
. i ty.Table 11 indicates that the measurement requirement for Xe-136 is met for
f A several combinations of stack height and wind speed for a ten minute discharge,
E b Table 17 presents a thirty minute,uniform discharge of one day's accumulation
§ of xenon isotopes and Xe-136 in a five te/day reprocessing plant,
L
E 30
Ew »
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Table 17,
Discharge Rate (grams/sec) of
X6-:36;Thirty Minute Release

%ﬁ:‘“‘gﬁiﬁ‘“”z Xe-136 Output Miﬁe-}t”'d
110 0.0 "15391 ~
220 0,20 "

330 0,39 ' "
440 0.63 "
550 0,91 "
660 1,24 "
770 1.60 "
880 1.99 "
990 2,43 "
1100 2,89 "

Froﬁ Table 11,the Xe-136 measurement requirement is met only for an effective
stack height of 30 meters and a 0,5 meter/sec wind speed provided U-238 has
been irradiated for at least 990 days.

.In summary,the reprocessing of U-238 irradiated for 1100 days can be detec=-
ted under the following conditionms,

A.Ten nimte discharge of one day's accumulation of Xe-136 in a five
te/day reprocessing plant,

1.Thirty meter effective stack heightiwind speed of 2.0 meters/sec
2,Forty meter effective stack heightiwind speed of 1,0 meters/sec
3. Fifty meter effective stack heightiwind speed of 0.5 meters/sec
4 ,Neutrally stable atmosphere _

5.Sampling point to stack distance:588 to 1053 meters

6.Stack dilution of 10 to 1

3,Thirty minute discharge of one day's Xe-=136 accumulation in a five
te/day reprocessing plant,

1,Thirty meter effective stack helght

L
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2,Wind speed of 0.5 meters/sec

3.Sampling point to stack distance:588 meters

L ,Reutrally stable atmosphere

5.5tack dilution of 10 to0 1
The Xe-136/Kr-85 ratio ranges from 145.,1 to 161.3 depending upon the cooling
time of the irradiated U-238, )

The continual breeding of Pu=240 from irradiated Pu-239 has been previously

mentioned,From a weapon aspect it is important to keep the Pu-240 content of
a plutonium weapon low,A typical isotopic composition of weapon grade pluto-
nium is 93.6% Pu-239,5.9% Pu-240,0,4% Pu-241 ,and 0,01% Pu~238 (ref 26:280),
From Table 2 of Appendix G,the Pu-240 content after 1100 days irradiation is
quite high at 29,4%,Any weapon using such plutonium would have severe pre-
detonation and thus reliability problems (ref 27).Even after 550 days irradi-
ation,the Pu-240 content is high enough te insure difficulties which 2 country
desiring to produce reliable nuclear weapons would avoid.Since 550 days is the
least irradiation time interval which permits accurate measurement of Xe-136
(Tadble 16),0ff~site proliferation monitoring of a five te/day reprocessing
plant for irradiated U-238 using a ratio of either xenon isotopes/Kr-85 ur

Xe-136/Kr-85 is not feasible,
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XIII. Th-232

Irradiation of Th-232 in a reactor would most likely be accomplished by
wrapping the reactor core with a Th-232 blanket,This would in effect require
that an ordinary PWR be modified with a different reactor vessel,core,vessel
head,and control mechanism (ref 23:223),Such a reactor,termed a Light Water
Breeder Reactor (LWBR),is presently under evalution at Shippingport,Pa,(ref
2l4) ,Because the Th-232 blanket is irradiated at a lower flux level than in
the reactor core,a blanket to core flux ratio of 0,4 is used in the ORIGEN
code (ref 28), |

The xenon and Kr-85 produced when Th-232 is irradiated under the flux con-
ditions of Appendix H is presented in Tables 16 and 17 of Appendix G,The
ratios of xenon to Kr-85 for these conditions are presented in Tables 18 and
19,The daily accunulation of xenon and Kr-85 in a five te/day reprocessing
plant is indicated in Tables 20 and 21,

The continuous,uniform discharge of xenon and Kr-85 from the five te/da.y
reprocessing plant is considered first.The minimum source rates for accurate
measurement of xenon isotopes and Xe-136 are extracted from Tables 10 and 11
as before (19.0 grams/sec for xenon isotopes and 2,0 grams/sec for Xe-136).
The output rates from the plant are compared to the minimum source rates re-

quired in Table 18,

o ik
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Table 18,
Continuous,Uniform Discharge (grams/sec) of
Xenon;Five te/day Reprocessing Plart;Th-232

Irradiation Xenon Isotopes Xe=136
Tine 1§ ga.xs ) %%& Mi;xg, .Reg 'd %{%%% M.’m! .Reg ‘d
220 0,0019 " 0,0008 .
330 0,0048 " 0,0020 "
440 0,0090 . 0,0038 "
550 0,0147 " 0,0062 "
660 0,0219 " 0,0093 -
770 0.0307 " 0,013t "
880 0,0413 " 0,0176 "
990 0,0536 " 0,0229 "
1100 0.0676 " 0,0289 "

Table 18 indicates that the output rate for continuous,uniform discharge is
too low by at least a factor of 281 for xenon isotopes and by a factor of 69
for Xe-136,Like spent IWR fuel and irradiated U=-238 under conditions of con-
tinuous discharge,the xenon concentration of the exhaust plume from a five
te/day reprocessing plant is below that required for the accurate measure-
ment of either xenon isotopes or Xe-136,

Table 19 presents a ten minute discharge of one day's accumulation of xenon

in a five te/duy reprocessing plant,
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Tadble 19,
Discharge Rate (grams/sec) of
XenonjTen Minute Release

Irradiation Xenon Isotopes Xe~1136

Heeffersl  Qumt Maghed ol v R
220 0,278 . 0.117 *
330 0,691 " 0,291 "
440 1,300 . 0.550 "
550 2,116 " 0.895 "
660 3.15 * 1.337 " 3
770 k426 " 1.893 " 3
880 50949 " 2,539 " 3
990 7.714 " 3.298 "
1100 9.735 " ban "

The requirement for accurate measurement of xenon isotopes cannot be met even
for 1100 day irradiated Th-232.Table 11 indicates that the requirement for 4
accurate neasurement of Xe-136 is met for a few combinations of stack height
and wind speed assuming 1100 days irradiation.For Th-232 irradiated for less
than approximately 880 days,detection using Xe~136 is not possiLle,If a five

te/day reprocessing plant releases one day's accumulation of xenon over a

thirty minute period,then the measurement requirement for Xe-136 cannot be

T IR Y L N

net for any of the Th-232 irradiation cases,
In summary,the reprocessing of Th-232 irradiated under the flux conditions
of Appendix H for 1100 days could be detected and accurately measured under f

the following conditions,
1

1,Ten minute discharge of one day's accumulation of Xe-136 in a five
te/day reprocessing plant

2,Thirty meter effective stack heightiwind speed of 1.0 meter/sec

R

3.Forty meter effective stack heighti:wind speed of 0.5 meters/sec

35




4, Neutrally stadble atmosphere

|
: P
( " 5.8ampling point to stack distance: 588 or 816 meters
1 6.Stack dilution of 10 to 1
T !
: ! i From a radiation hazard consideration,the lower the flux level in the
] Th-232 blanket,the lower the concentration of non U-233 isotopes in the
g ; uraniun bred,Table 3 of Appendix G presents the principal uranium nuclides
E _ i produced in the irradiated Th-232 and their percent as a function of irra=-
i i
; , diation time,The next section of this study examines the radiation hazard
P: | ; posed by U-232 in U233 fueled weapons (ref 25:20),
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XIV, U-232 Radiation Hazard

Ninty-five percent of the U=232 produced in neutron irradiated Th-232 is

through the production of Th-231 by the Th-232(n,2n)Th-231 reaction,Th-231

decays by Beta minuas emission with a 25,6 hour half-life to Pa=231 which in

turn is converted to Pa=232 by neutron capture,Following emission of a gam-
me. ray,Pa-232 decays by Beta minus emission with a 1.3 day half-life to U=232,
The other 5% of U-232 produced is mainly through the U-233(n,2n)U-232 reac-
tion (ref 32),U-232 decays by Alpha particle emission with a 70 year half=
life to Th-228 which is a member of the natural thorium decay chain,Members
of this decay chain are in secular equilibrium with U-232 and a maximum in
Th-228 activity is reached in approximately 10 years following chemical sep~
aration of uranium from irradiated Th-232 (ref 32),

The gamma ray exposure from Th-228 decay increases with the uranium content j

Rl -

of the irradisted Th-232,The exposure rate at the surface of a 1kg sphere of
uranium produced at the rate of 6 kg uranium per te of irradiated Th-232 is

690 Roentgens/hr,The exposure rate for a 1kg uranium sphere produced at the

rate of 2 kg uranium per te of irradiated Th-232 is 170 Roentgens/hr.With the
fluxes of Appendix H,these exposure levels are reached afiter approximately
260 days and 110 days irradiation respectively,

The high exposure rates from U-232 decay necessitate remote handling of the

L i e . Tt KA

uranium produced from neutron irradiated thorlum,For instance,the ganma ex-
posure rate from a 1kg U-233 sphere produced at a rate of 4 kg uranium per te
of irradiated Th-232 is reduced to approximately 0.5 Roentgens/hr at a dis-
tance of 120 cm from the sphere (ref 32),As short Th-232 irradiation times

are required for reasonable sai'ety considerations,irradiation of Th=232 would

probably be limited to between 100 and 200 days in a reactor,
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b Xv, Rudimenta;z Repgoceasing Plants

Having investigated a sophisticated muclear fuel reprocessing plant (AGN3)

and less sophisticated foreign commercial reprocessing plants,there remains
one other type of reproceasing plant which could be used to develop nuclear
weapons,This latter type plant would be a small scale operation disgulsed to

resemble a non-nuclear industrial facllity such as a fertilizer plant.The

% : rudimentary reprocesssing plant would be located and operated to avoid at-
| tention.Monltoring of such an operation should be possible at somewhat

} ‘ closer distances than previously assumed for commercial plants (perhaps as
‘ close as 150 meters),The shorter distance of the plant parimeter fence from
} \é plant structures would be in keeping with the camouflage of the plant,
; The rudimentary plant would operate a batch process with each batch of fuel
§ . aasumed to be 0,5 te,This is one~half the batch size of the NFS West Valley
| demonstration plant (ref 20),A minimum radwaste system is assumed with no
i fission gas storage.Stack dilution is taken to be 2:1,Stack height is as-
| sumed to be either 10 or 20 meters,The rate at which xenon and Kr-85 are re-
leased 1s proportional to the rate at which the fuel cladding is breached ei-

ther by sawing or shearing the fuel rods into small segments for chemical

dissolution,

% ‘ To estimate the rate at which fuel c¢ladding is breached,the rudimentary re-
? proceasing plant is zssumed to possess the capablility of hack-sawing a stan-
dard 15 X 15 PWR fuel assembly underwater into small segments.A 15 X 15 PWR
: fuel assembly is a bundle of 225 fuel rods held closely together in a squara
\ array by the fuel assembly's top and bottom atructure plus spring clip grids

(ref 23).Underwa:er sawing or shearing of fuel assemblies is common at repro=-

AS ( ceasing plants-especially small capacity operations (ref 29,30).Hack-saw cute

ting can be powernd 8lectrically,pneumatically,or even manually and has been i

-4
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used for several years at the Materials Testing Reactor,Arco,Idaho (ref 31),
The entire operation is simple as the fuel cuttings are caught in a tray or
bucket beneath the hack-saw blades,The water acts to reduce the radiation
hazard associated with the flasion products released from the fuel rods,

A standaxd 15 X 15 PWR fuel assembly contains about 0,5 te of uranium fuel
{ref 23).If the hack-saw requires ten minutes to make a single transverse
cut through the fuel assembly and if 90% of the fission gases ave released
from the fuel rods during the cut,then effectively the xenon and Kr-85 from
0,45 te of irradiated fuel are released over the ten minute period,Based
solely upon cutting rate and assuming that three hundred days of continuous
cutting are available annually to saw fuel elements,then the capacity of the
rudimentary reprocessing plant would be about 75 te/yr.This about the right
capacity for a reprocessing plant which is larger than s laboratory operation,
but smgller than a commercial size plant.Appendix E contains a list of world
reprocessing plants,

IWR fuel irradiated for a fuil 1100 days protably would not be reprocessed
in a rudimentar; reprocessing plant.However,IWR fuel irradiated for short
periods of time would be reprocessed if the intentlon is to isolate Pu-239
for weapons purposes,From Table 12,the xenon released from 0,45 te of ir=
radiated IWR fuel is presented in Table 22 of Appendix G,

Table 20 gives several combinations of wind speed,stack height,and source
rate required to produce a xenon isotopes concentration of 4,93E-lt grams/
neter3 assuming a 231 stack dilution.As before,this concentration of xenon

isotopes is taken to be the minimum required for accurate measurement,
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Table 20,
Conditions for a Center<line,Ground-level,Xenon
Isotopes Concentration of 4,93E=l4 grams/meterl;
Neutrally Stable Atmosphexe;2:1 Stack Dilution

Effective Stack Wind Speed Source Rate Optimum Sampling.
Helght Smeters} Smeters[soc) ggggmsésecz Distance §metarsz

1 0.5 0.42 1

20 0.5 1.70 370

10 1,0 0,84 168

20 1.0 3.40 376

10 2,0 1.69 168

20 2,0 6,80 370

Table 21 gives several combinations of wind speed,stack height,and source
rate vequired to produce a Xe=136 concentration of 4,43E=5 grams/mater3 ag=-

suming a 2-1 stack dilution.This is the minimum concentration of Xe-136 re-

quired for accurate measurement,

Table 21,
Conditions for a Center-line,Ground-le.el,Xe-136
Concentration of 4, 43E-5 grams/meter3;
- Neutrally Stable Atmosphere;2:1 Stack Dilutlon

Effective Stack Wind Speed Source Rate Optimum Sampling
Helght Smeters} Smeters(secz ns/8ec Distance (meters

10 0.5 .

20 0.5 0,15 370

10 1.0 0,08 168

20 1,0 0,31 370

10 2,0 0.15 168

20 2.0 0.61 370

The actual output rates for xenon over a ten minute period are compared to

the minimum rates for accurate xenon measurement in Table 22,
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Tadble 22,
, Xenon Discharge Rate
(grems/sec);Spent LWR Fuel

Irrediation Xenon Isotopes Xe-136
Time idazg) Q%%ggg HinE.Rgg'd g%%¥§§ MinE.Reg'd
220 0,80 " 0.34 "
330 1.19 " 0.5 "
) 1.59 " 0,68 "
550 2,00 " 0.85 "
660 2,42 " 1.03 "
770 2.8 " 1,20 .
880 3.23 " 1,34 "
9%0 3.66 " 1.56 "
1100 4,06 " 1.73 "

Tables 20,21 ,and 22 show that the output rates for both xenon
isotopes and Xe-136 ;re high enough to insure accurate measurement for most
all stack height/wind speed combinations assuming 1100 day irradiated LWR
fuel,The Xe=136 concentration is high enough to insure accurate measurement
for four stack height/wind speed combinations provided the IWR fuel is ir-
radiated for 110 days,

Thus,off-site proliferation monitoring of a rudimentary reprocessing plant
using the Xe-136/Kr-85 ratio would provide a positive indication of the re-
processing of 110 day irradiated LWR fuel under favorable conditions,This
would be a clear sign that Pu=-239 isolatlion was underway in the reprocessing
plant,The Xe-136/Kr-85 ratio would be approximately 57,0 for spent LWR fuel
cooled for 150 days,

The xenon released from O,45 te of 110 day irradiated U-238 is presented
in Table 23 of Appendix G.,Table 23 compares the actual output rate of xenon

from 110 day irradiated U-238 to the minimum output rate required for accu-~
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rate xenon measurement,

Table 23,
Xenon Discharge Rate (grams/sec);U-238

Irrediation Xenon Isotopo? Xe=136 .
Since U=238 would not be irradiated for periods appreciably longer than 110
days dues to the Pu-240 pre-detonation problem,off-site proliferation moni-
toring of a rudimentary reprocessing plant for irradiated U-238 would not
be possible even under favorable conditions using a Xe-136/Kr-85 ratio,
The xenon released from O,45 te of irradiated Th-232 is given in Tab1§ 24

of Appendix G, Table 24 compares the actual output rates to the ninimum out-

put rates requived for accurate xenon measurement,

Table 24,
Xenon Discharge Rate (grams/sec);Th-232

Irradiation Xenon Isotopes Xe-136 ]
Time Eé%ém 9_1_01%21_;. Mino, .Rgg 'd %‘?‘8\0% Mig:ol;eg'd ;
Lho 0,117 " 0,049 " i
660 0,284 " 0,120 " :

880 0,535 . 0,228 " i
1100 0,876 . 0,375 " E

Table 24 indicates that the measurement requirement for xenon isotopes is A
met for 880 days irradiation and that for Xe-136 at 440 days,.Since Th-232
would probably not be irradiated for longtr than approximately 220 days due
to the U-232 radiation hazard,off-site proliferation monitoring of a rudi-
nentary reprocessing plant for irradiated Th-232 would not be possible using

a Xe-136/Kr-85 ratio even under favorable conditions,
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AVI, Summa.y of Alr Sample Monitoring

Off-site monitoring of a nuclear fuel reprocessing plant for nuclear
weapons proliferation cannot succeed completely,even under the most favor-
able conditions,by the collection of exhaust plume air samples.The fission
gases of krypton and xenon,which are released in relatively large quanti-
ties by a reprocessing plant,consist of stable nuclides except for Kr-85.
The absence of a long-lived radioﬁuclide of xenorn precludes isotopic iden-
tification of fissile nuclides by nuclear instrumentation alone,The excep-
tion to this is a situation wherein irradiated fuel is taken from a2 reac-
tor and reprocessed immediately without being allowed to cool,In this
instance the short-lived radionuclides of xenon and Kr-85 could both be
measured by nuclear instrumentation and then ratioced to identify the fis-
slle nuclide,

Measurement of fission-produced,stable xencn isotopes by physical means
(i.e, air liquefaction-distillation and thermal diffusion) is constrained
by the natural xenon abundance of the atmosphere,If the assumption is made
that xenon or a single xenon isotope must exist at a sampling point in a
cor.centration equal to the natural abundance,then it is found that neither
Th-232 nor U-238 would be irradiated in a reactor long enough to satisfy
the measurement requirements of off-site proliferation monitoring.Typical
atmospheric dilutions of xenon due to exhaust plume dispersion range from
approximately 10 million to 100 million times assuming standard temperature
and pressure at stack discharge,

Thus under the most favorable meteorological and plant discharge condi-
tions,off-site air sampling can at best 1) identify highly burned-up LWR
fuel reprocessed in a large commercial plant,and 2) detect LWR fuel ~¢

varying burn-up reprocessed in a rudimentary reprocessing plant,This means
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that Pu-239 isolation could only be detected in a rudimentary reprocessing
plant processing lightly burned-up LWR fuel and then only under the most
favorable conditions,Production of weapon grade U-233 from irradiated Th-232
and weapon grade Pu-239 from irradiated U-238 cannot be detected under w._

circumstances using ailr sampling techniques,
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XVII, Infrared Spectrometry

One recourse to greater detection sensitivity is to determine the xencn
and krypton concentratlons at atack discharge,Measurement of gas concentra=-
tions at the exhaust stack from an off-site location can he made using
infrared spectrometry (ref 33).A Remote Optical Sensing of Emissions (ROSE)
system (ref 34) has been developad which uses a Fourier transform interfer-
ometer system with tei;scopic optics to make absorption and emission mea-
surements of gaséous pollutant concentrations,The ROSE system covers the

infrared region from 16,667 to 153,462 Angstroms by using the molecular vi-

brational-rotational energy spectra of such pollutants as CO,HF,and SiFy,To-
date measurements have been made in the absorption mode across fertilizer

plant gypsum ponds,oll refineries,and jet engine plumes,Industrial stacks, i
waste gas flares,and jet engine plumes have been studied in the emiscion

mnode,For many pollutants,concentrations on the order of 1 to 10 parts per

A e o oS ML

biliion (ppb) can be detected at a distance of 1000 meters,
Unfortunately,the absorption spectra of monoatomic xenon and krypton are 4
of much shorter wavelength than the spectrum covered by the ROSE systew }
(ref 17:13035,3038) ., If xenon and krypton formed molecules readily,then the ’
vibrational-rotational energy states of these molecules could posaibly be
excited by the ROSE system and the concentrations of the molecules ratioed
to produce an indicator akin to & xenon isotopes/krypton iﬁotopes ratlo,
However,being noble gases,these elements do not readily form molecules,
‘therefore,some other fission product which forms molecules must be consid-

ered, :

Stable I-127 and {,7E+7 year 1-129 are two iodine isotopes which are form-

ed by the radicactive decay of fission products over a long period of time,

. am

Other iodine isotopes which are formed as a by-product of fission are short-
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lived and arv not present in significant quantities afier 150 days cooling
time (ref 7).Iodine particulates escape a reproceesing plant at a rate of
from 1E-4 to 5E-4 times the rate at which icdine is liberated from reprocss=
sed fuel,This rate of jodine escape is estimated from two sources,The gen-
eraticn and discharge rates of I-131 at the Oyster Creek BWR nuclear reactor
are 4,1E+{ Curies/sec and 1,2E-7 Curies/sec respectively (ref 15:1157,159),
Fission gases escape fuel cladding at an average rate of 3E-5 times the
genQration rate (ref 53146),This indicates an iodine filtration factor of
1E-4 High efficlency particulate air (HEPA) filters have a nomimal perticle
removal efficiency of 99,95% (ref 15:119),This ylelds an iodine filtration
factor of SE-4,For subsequent calculations,the iodine discharge rate is as-
sumed to be 5E-4 times the rate at which it is released from regprocessed
fuel,

From previous discussion,it was shown that Th-232 would not be ilrradiated
for more than a few hundred days due to the U-232 radiation hazard.,Likewise,
U-238 would not be irradiated for long periods of time because of the Pu-240
predetonation problem,For computaticnal purposes,220 day irradiated Th-232
and 110 day irradiated U-238 arc assumed,Spent LWR fuel could possibly be
reprocessed after any period of irradiation,The most probable and economical
time would be following a complete 1100 day PWR reactor fuel cycle,But,if
the spent LWR fuel was reprocessed after only 110 days,the Pu-240 content of
the tranamuted plutonium would be quite low (approximately 5.2%),Therefore,
it is necessary to examine both 110 day ard 1100 day irradlated spent IWR
fuel,The generation rate of I-127 and I-125 following 150 days cooling time

is given in Table 25 for several irradiation cases,




‘Table 25,
Generation Rate (grame/te) of
1-127 and I-129;150 Days Cooling Time

Irradiation Ratio
Time (days) Nuclide I-1%z I-12 1-129/1-12
110 INR Fuel 2.59 19.% 7.55
220 "o 5.71 ko, 56 7.10
- 3% " 9.26 62,43 6.78
f 660 .o 21.26 131,00 6,21
l 990 T 34,78 204,38 5,88
3 | 1100 "o 39.53 228,90 5.79 :
R 110 U-238 0.57 2,80 4.9 !
i. 220 Th-232 .77 2,68 346
: The ventilatlion alr volume rate for a stack dilution of 10:1 in a five .
te/day reprocessing vlant emitiing a continuous,uniform discharge of xenon *
{: and krypton is 5.81E-% neters>/sec for 1100 day irradiated LWR fuel.This :
volume rate of ventilation air will be assumed for all subsequent calcula-
r tions,Table 26 gives the concentration of I-127 and I-129 for a continuous, _
] P | uniform discharge assuming iodine escapes from the reprocessing plant at a i
) rate of SE-4 times the rate at which it is released from the reprocessed f
'f fuel, ,‘
;
|
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? ( I-127_and Iz?géecigéentrations
(grams/meterB) at Stack Discharge;Continuous,
1 Uniforn Discharge;lodine Escape Rate of SE-4 of Release
i : Irradiation Concentration (ppdb)
; 220 " " 2,60E-4 1.84E=3 48
:E 330 . " 4,18E-4 2,84E-3 77
o 660 " 9,66El 5.9%-3 179
v 990 "ow o q,58-3 9,29E-3 292
3 ; | 1100 "ot 1,808-3 1.,048-2 333 !
) ‘ 110 u-238 2.59E-5 1,27E-4 5
| 220 Th-232  3,50B-5 1,2284 ?
’

Table 26 indicates that both lodine isotopes would exist in the discharge of
g , a 5 te/day reprocessing plant in concentrations within the 1 to 10 ppb range

T S Ao g R <o 7 v —
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cited as the lower 1imit of detectability of the ROSE system (ref 33).

»,

Iodine appears in the stack discharge of a reprocessing plant in several
organic and inorganic compounds (ref 361733).Methyl jodide,ethyl iodide,

L

’ n;propyl jodide,and n-butyl iodide have been identifi.d and constitute over
half of the organic iodine compounds formed (ref 36:737),Iodine in inorganic
compounds would appear as hydrogen iodide (HI) and possibly as free iodine j
(1) (ref 18),The ratio of organic to inorganic iodine compounds varys from
0,12 to 1,47 anl is assumed to be related to the Purex cycle (ref 36:734),
The only characteristic absorptions shown by Halogen compounds arise from

the C-X stretching mode (ref 37:328),Table 27 gives the absorption bands in

e

Angstroms for Carbon-Halogen stretching absorptions.This is a single bond
skeletal mode and is consequently subject to considerable frequency alter- i

(- ations as a result of interactions with neighboring groups (ref 37:328),
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' Table 27,
L Carbon-Halogen Stretching
Mode Absorption Bands

et ST —

Carbon-Halogen Bond Absorption Band SAgggtroma}

The absorption bard for C-I of Table 27 is conflrmed by measurements of

;< CF 71,00C ~ 100,000
- C-C1 , 125,000 - 167,000
; CeBr 167,000 ~ 200,000
§ C-I Approx, 200,000 3

5% n-propyl iodide and other simple organic icdide molecules,The translational

C-I absorption wavelength of these molecules is approximately 167,000 Ang-

T e s
Lt ot A
‘

' } stroms (ref 37:332).As 153,462 Angstroms is the longest wavelength detect-
able by the ROSE system,none of the organic iodine compounds discharged by
'. a reprocessing plant could be used in off-site proliferation monitoring,

Hydrogen iodide is formed during the gas~liquid separation phase of the

; : Purex cycle when free iodine and nitric acid (HNO3) vapor come into contact
(ref 38:308),The absorption spectrum of hydrogen iodide shows the H-I vi-
bration at 48,000 Angstroms (ref 39:113) which is within the ROSE system
sfectrum.Free 1odine ,however,could not be measured by the ROSE system as its

% absorption spectrum ranges from 455,000 to 625,000 Angstroms (ref 40),

? The minimum fraction of inorganic iodine to total iodine in the stack ]
discharge is approximately O,40 assuming all the inorganic iodine is hydro-
gen iodide (ref 361734).Table 26 can now be medified to reflect the mini-

mum amount of inorganic I-127 and I-129 contained in the hydrogen iodide of
the reprocessing plant discharge,Table 28 gives the ninimum concentrations

of I-127 and I-129 available for ROSE system measurement,

49
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Irradiation
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110
220
330
660
990
1100
110
220

Table 28,
Minimum 1-127 and I-129 C

.- 1,058-4
- " 1,69E-4
- 3.90E-4
" " 6,388-4
v » 7.27B=l

U-238 1,05E-5
The232 1,ME-5

3

at Stack Discharge (grams/meter
Uniform Discharge;lodine Escape Rate of SE-4 of Release

Fo5em
? 3B
1.158-3
2, ,40E-3
3.75E=3
4,20E~3
5.13E=5
4,93E-5

TEromn “IV?WW‘V“' ,.“.’,‘.ﬁ...‘:‘m,,

ncentrations
) in HI;Continuous

Concentration (ppb)
I-122[Dischargg

9
19
)
72

118
135
2

3

The detectahle concentration of I-~127 in the reprocessing plant discharge

is 2 ppb or greater for all the cases considered in Table 28,As the ROSE

system is capable of measuring some pollutants in concentrations of 1 to

10 ppb (vef 33),it might be possible to conduct off-site proliferation mon-

itoring of a reprocessing plant using the ratio of H1129 to H1127.

Presently,the ROSE system has an accuracy of better than +10% (ref 33),

It is assumed that this figure applies to the measurement of each constl-

tuent compound in a discharge.To positively identify a fissile nuclide,the

measured ratio of 31129 to HI'2? cannot vary more than a certain amount

from the actual value,Once the error range of one ratlo overlaps the error

range of the next ratio,then test results can be ambiguous,Table 29 pre-

sents error ranges for several ROSE system measuring accuracies,
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Table 29,
Error Ranges of HI129/H1127
Ratlos for Various ROSE System Accuracies

e A s xol WY
b, 3.19-3,76 4,52-5,33 5¢33-6.29 6,96-8,20
6.6 3.03-3.95 4,30-5,60 5,07=6,61 6,62-8,62
8,7 2, 914,12  4,12-5,84 4,86-6,89 6,34-8,99

Table 29 shows that for a ROSE system accuracy of 4,1% on individual
hydrogen iodide measurements,all four irradiatlion cases could be positive-
ly and unambiguously identified,With a system accuracy of 6,6%,two irradia-
tion cases could be positively identified (220 day Th-232 and 110 day IWR
fuel) ,However,1100 day LWR fuel and 110 day U=238 would be ambiguous for
measured ratios between 5,07 and 5,60.With a ROSE system accuracy of 8,7%,
only 220 day irradiated Th-232 could be positively identified,The other
three cases would be ambiguous for certain measured ratios.Between 4,86 and
5,84,110 day U-238 and 1100 day LWR fuel would be ambiguous,Between 6,34 and
6,89,110 day LWR fuel would be ambiguous with 1100 day LWR fuel,

Expansion of the present ROSE system spectrum toward longer wavelengtihs
might increase the system's sensitivity and effectiveness as an off-site
proliferation monitoring device,Extension of the spectrum to approximately
200,000 Angstroms from the present 153,462 Angstroms would permit use of all
the organic iodine compounds.This would increase the detectable concentra=
tion of 1-127 and I~129 in the stack discharge by a factor of roughly 2.5
from the minimum concentrations of Table 28,However,due to the large nun-
ber of organic iodine compounds in the stack discharge,there might be no
increase in the number concentration of the most abundant iodine compound in

the discharge.Thus depending on the absorption spectrum of the organic lodine
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compounds,there may or may not be an increase in the ROSE system's sensi-

tivity and effectivonzss as a proliferation monitoring device,
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(L XVIII, Differenticl Absorption LIDAR Technique

‘ Due to the large amounts of krypton and xenon libernted in a nuclear

fuel reprocessing plant and the relative certainty of their discharge,

Turther examination of remote sensing of stack discharges is warranted,

The diffential absorption LIDAR (Light Detection and Ranging) technique
can be used to provide a range-resolved measuremsnt of specific gaseous
g constituents at appreciable ranges with potentially high sensitivity
i (ref 414102), |
1 In its simplest form,LIDAR employs a laser simply as a source of pulsed

‘_ i energy of sufficent magnitude and sultably short duration,As the trans-
mitted laser energy passes through the atmosphere,the molecules and atoms

plus the suspended particulates cause scattering.A small fraction of the

{.ﬁi Jaser energy is backscattered in the direction of the LIDAR mechanism and
i is available for detection and pxjocessing.The intensity of the laser beam
is reduced during propagation by both scattering and absorption with
atmospheric gaces and particulates,This attenuation of the laser beam .
occurs over the path to and the path from a distant backscattering region,
At the LIDAR,backscattered energy is collected in a suitable receiver by
reflective or refractive op’ics and is transferred to a photedetector which

: produces an electrical signal,The intensity of the signal at anr instant is

proportional to the optical power received,Since light travels at known

velocity,the range of the scattering volume producing the signal can be
uniquely determined from the time interwval since pulse tranamission,The mag-

] ' nitude of the received signal is determined by the backscattering properties

3 of the atmosphere at successive ranges and also by the two-way atmospheric

Whia W
AN ! attenuation,Atmospheric backscattering in turn depends upon the wavelength i

S of the laser energy used,and the number,sige,shape and refractive properties
Pl
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of the particles,molecules,and atoms encountered by the laser beam,The
electrical signal from the photodetector thus contains information on the
presence,range,and concentration of atmospheric scatters and absorbers
(ref 41:173-4),

The minimum detectable concentration,Nj4n,of & gas in a differential

absorption LIDAR experiment is given by:

K. = O2n (eqn 9)

xin * “ZBOVER

where A*ln is characteristic of the detection and digitization
equipment of the LIDAR system and is typically equal to
approximately 0,02

€'(A) is the differential absorption cross section of the
gat in question at a given wavelength A

AR is the range cell in the gaseous plume or cloud to be
neasured

The longest wavelength at which neutral krypton atoms absord electromag-
netic radiation is 890 Angstroms,The differential absorption cross section
at that wavelength is 2,0FE-17 cn® (ref 42),Assuming AR is equal to one
neter (the approximate diameter of a nuclear fuel reprocesaing plant dis-
charge stack),the minimum detectable concentration of krypton in a LIDAR
experiment is 0.2 ppm,

The irradiation case which is most difficult to detect in proliferation
monitoring is 110 day irradiated U-238,For the continuous,uniform discharge
of fiesion gases from a five te/day reprocessing plant diluted with 5,81E-4
neter3/sec of ventilation air,the krypton concentration at stack discharge
is 0,34 grams/metar3 which is equal to 95,8 ppm.Thus the minimum krypton
concentration at stack diecharge for 110 day irradlated U-238 would be
approximately 489 times greater than the minimum detectable concentration
using the differential absorption LIDAR technique,

Unfortunately,the longest wavelengths at which the differential absorp-
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tion LIDAR technique can be applied to krypten (890 Angstroms) and xenon
(1020 Angstroms) are in the ultraviolet (ref 42).Electromagnetic rediation
in the ultraviolet region around 1000 Angstroms is totally absorbed by di-
atomic oxygen (ref U41,40),Thus,there appears to be no "window" in the
ultravieolst region in which to employ the differential absorption LIDAR
technigus (ref 42),

Under some clircumstances,several percent of the monoatomic xenon and
krypton atoms are assoclated in the form of diatomic molecules (xef 431691).
Dlatomic molecules of krypton and xenon would probably give rise to vibra=-
tional-rotational energy spectra in the visidle or infrarad ragions which
might be detectable with a differential absorption LIDAR,The relative con-
centration of diatomic molecules to monoatomic atoms is approximately a
function of the ratios T/T, andlaﬂ where the sudscript ¢ denotes the
critical point values of temperature and density (ref U43:694),

The calculated xenon and krypton concentrations at standard temperature
and pressure upon stack discharge for 1100 day irradiated LyR fuel are 485
and 32,9 gra,laa/meter3 respectively,This represents the maximum xenon and
krypton concentrations produced by a five te/day reprocessing plant emit-
ting a continuous,uniform discharge.Using the critical point temperature
and densities (ref 44:277),the relative concentrations of diatomic molecules
to monoatomic atoms is 4,07E-4 for xenon and 2,02E-5 for krypton,

In the case of krypton,this is equal to & diatomic moleculs concentration
of 0,094 ppm.If the minimum detectable concentration of diatomic krypton in
a LIDAR experiment is the same as for monoatomic krypton (0,2 ppm),then
none of the proliferation cases of interest could be detected using the
molecular vibrations of diatomic xenon and krypton,Thus,the use of diatomic

xenon and krypton molecules appears to have a very low probability of
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{ success in the monitoring of reprocessing plants emitting a continuous,

uniforn discharge,
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XIX. Results,Conclusions,and Recommendations

Results and Conclusions

0ff-site monitoring of nuclear fuel reprocessing plants for indications
of muclear weapons development is plausible using fission products which
escape or which are released through an exhaust stack,Several xenon to
krypton ratlos can positively identify the fissile nuclides produced from
neution irradiated Th-232,IWR fuel,and U-238,The ratiosixenon/krypton,xenon/
Kr-85,ond Xe-136/Kr-85 can all identify U-233,U-235,and Pu=239.Collection of
exhaust plume alr samples alone however,cannot provide the information re-
quired to monitor all the proliferation cases of interest,Atmospheric dis-
persion,which dilutes xenon and krypton in the exhaust plume by a factor of
ten million or more,permits only highly burned-up LWR fuel to be positively
identified.This condition helds for only the most favoratle meteorological,
plant discharge,and air sampling conditions,Dztermination of the xenon/kryp-
ton ratio at stack discharge by the differential absorption LIDAR technique
falls on one account,The nltraviolet wavelengths required for xenon and
krypton measurement are absorbed by diatomic oxygen in the atmosphere,

In addition to the xenon/krypton ratio,the I-129/1-127 ratio can also
positively identify all the proliferation cases of interest,Using infrared
absogption spectrometry incorporated in the ROSE system,HIlz? and HI129 can
potentially be used to measure the concentrations of I-127 and I-129 in an
exhaust plume,A five te/day reprocessing plant emitting a continuous,uniform
discharge of xenon and krypton diluted with 5,81E=4 metersj/sec of air,might
discharge sufficent hydrogen iodide for the ROSE system to accurately meaw=
sure the HI'27 and HI'?9 concentraticns in the stack discharge,This is pre-
dicated on hydrogen iodide escaping from the reprocessing plant at the nomi=-

nal HEPA filter leakage rate of 0,055,
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[ o The use of non-HEPA filters in low-technology,foreign reprocessing plants
would increase the hydrogen iodlde concentration in the stack discharge,

Batch processing,perlodic discharges of stack gases,and variations in the

ratio of organic to inorganic lodine compounds in the Purex cycle also
incres : the concentration of hydrogen iodide in the reprocessing plant dis=-

' charge ., Any increase in the hydrcgen iodide concentration in the stack dis-

§ charge increases the probability of detection and accurate measurement of the

lodine isotopes concentratlons,

For the ROSE system to unambiguously identify four proliferatlon cases of

. s A

pvarticular interest,system accuracy must be equal to or better than 4,1%,

; . With system accuracies around 8,7%,proliferation monitoring could still be

! 4 performed;however,ambiguities would exist for certaln measured H1129/H1127

ratios,
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Recommendations

{.Investigate the capability of the ROSE system to measurs the ur!27? am
H1129 concentrations in the discharge of a nuclear fuel reprocessing
plant and establish the accuracy of such measurements,

2,Determine the composition of inorganic iodine compounds discharged from
a nuclear fuel reprocessing plant,

3,Determine the ratio of 1-129 to I-127 in iodine compounds discharged for
fuel cooled in excess of 150 days and for LWR fuel with an iaitial U-235
enrichment other than 3.3%.

4, Determine some representative filtration efficiencies of HEPA and non=
HEPA filters in foreign reprocessing planis for iodine particulates.

5,Examine the feasibility of extending the ROSE system wavelength spectrum

to 200,000 Angstroms in order that organic iodine compounds could be

detected,
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Appendix A

Processes Available for Kr-85 Off-gas Treatment (a)

Process Krypton Developmental Advantages Disadvantages
Recovered Status
Room temperature 9% " Bench scale Simple oper- Large volume
adsorption on work completed; ationjaccepts adsorber beds;
charcoal beds or scale-up feasible dilute feed charcoal can
molecular sieves s ignlte
t
Low temperature 99% Developm:nt Small volume Charcoal can
adsorption on complete;plant bedsjuses ignite;Oridi-
charcoal beds oxr in operation dilute feed =zing gases
sillica gel gas must be re' ,ved
Cryogenic 174 Developed and LoWw operating Explosion
distillation operating on a cost hazard in form=-
significant ing and concen-
scale trating ozone
Selective o%g Bench scale Low coats; Absorber column
absorption completedjlarge no explosion operates at 200
scale demon- hazardimight psijvolume
station needed elininate extractant is
pre~treatment large if opera=-
ted at 15 psi
Peralselective 99% Bench scale Membranes sen-
membranes work onlysno sltive to chem-
engineering work icals;high power
costs
Clathrate Unknown lab studies only; Kr-85 is Needs concentra-
precipitation engineering tests collected as ted feed gas;
required a storable crystallization
solid step slow

() .S1ansky,C .M, ,Peterson,H.K, ,and Johnson,V,2,," Nuclear Power Growth Spurs
Interest in Fuel Plant Wastee",Environmental Science and Technelegy,
Vol 3,pp 446,1969.
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Appendix B

Radioactive Decay Schemes of Selected
Krypton and Xenon Isotopes (ucf 7)

1. 10.76 yr Kr-85

‘l' 'Y 4 hr Kr-efl
Br-85 Rb-85

39 sec 3.0 min 0.225 / stable

2, Stable Kr-83

Se-83m Kr-83n

69 secwL / 114 mnin . ;
1 0.10 Br=83
/2.’4’ hr ]
Se-83 Kr-83 ;

25 min stable
3
3.5table Kr-84
Se-84 Br-84

25 min 31,8 nix\
Kr-84
/ stable 4
Br-S4 -}

6.0 min

4,Stable Kr-86

Direct Fission Product
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5, Stable Xe-131

—

Sn-131 _____
3.4 v

6.Stable Xe-132

Sn-132 Ly - —

2.1 min

2.2 min

7.5table Xe-134

if Sb-134

d 50 sec

8,Stable Xe-136

1-136
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Te=~134
43 min

Te=-131n

Sb-131

23 nin

24 min

Te=132
77 hr

I-134
52.5 min

Xe-136

86 sec

" stable
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& Appendix C

[ ¥

™ Predicted Averags Concentrations and Annual

; Skin Dose zquivalent Rates of Kr-85 in the
1 Atmosphere (1955 to 2000 AD) (a)

T
L

1000 20

Predictions
from Nichols and Binford (197 1)~
and Machta et a/. (1974)

T roTe
el

N

¥

«Coleman & Liberace

: Z 100 (19686) 402 s
b i - ‘ 3 N ]j o
} } N 90-70°N.— ) - 8
~ " —70-90°8, -
| : {1 &
1 2
o § .
L g 1o Joo2 & i
: &, -y "
- Empirical Curve = 3 ,
3 o e e k
E B Assumes: . o
- 1. Nichols and Binford (1971) o
k nuclear power projections
- i : 2. Continuous releases of *Kr =
., throughout each year
y * —_ 1 1 1 1 0.
3 ! 1960 ~ 1970 1980 1990 2000 002
'~ " YEAR : !

(a), Eisenbud,M.,et al,Krypton 85 in the Atmosphere,NCRP Report Uk,
Wash DC,1975,
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Appendix D

Reproceesing Flow Diagram for the West
Valley,N,Y, NFS Nuclear Fuel Recycle Center

Fuel Storage

Mechanical
Disassembly

Fuel Dissolution

|
High Level Waste . Partition of Uranium Uranium Feed

Solidification and Plutonium Concentrator
First Plutonium Mrat Uranium
Solvent Extraction Solvent
Extraction

Second Plutonium ¢
Solvent Extraction Uranium Feed
Concentrator

Cenversion to PuO2 |
Second Uranium
Solvent
Extraction

Conversion to UFg «e Uranium Concen=
tration anmd
Weighing

67

e gt” e - \h,-\ N, N ~ N
- Vet — - . N r - [——— had

:




T
f
i

L Appendix E
Summary of Reprocessing Plants
]
’ Location Operator Type Plant Capacity Operation
, (te/yx) Date
| R
i Vest Valley, NFS Oxide 300 1962-1972
' N.!.
| Morris,I11,  GE Oxide,Advanced 300 —
Proceas
Barnwell, AGNS Oxide 1500 Unknown
b ! Socu .
Yy ' -
. UK
‘_ ' Windscale BNFL Nat, U metal 2500 1964
} Oxide head end 300 1972
f o Refurbished 400 1977
l " oxide head in
; - Commercial Oxide 1000 1984
; : Commercial Oxide 1000 1987
: : ( "oversecas plant”
’c E La Hague CEA Nat, U metal 800 1966 -;
Oxide head end 1 50-800 1976 i
' : Commercial oxide 1000 1985 E
’ : Marcoule CEA Nat, U metal 900~1200 1958
[ 3 Germany
E o Karlsruhe KEWA Pilot scale oxide 40 1970
P PWK/KEWA Commercial oxide 1500 1984
‘ Japan
i Tokal Mura PNC Demo scale oxide 200 1970
{ ; PNC Commsrcial oxide 1000 1980s
; | Belgium :
. Mol Burochemic  Multi-purpese 60 1966 L_
| Ttaly
! Saluggia CNEN Pilot scale oxide 10 1969
! .. : Tnala
] Trombay IAEC Pilot scale mat, 60 1965 ,
' Uranium oxide ]
{
68

[N

- R A L S L Y

* PO E PP T Y] Ky At e '3
T T VNSRRI T Ty N SN



Appendix F

|
{
i
3 ORIGEN Code Flux Values
e

’, Irrediation Time Flux Leyel

: v wlda neutrons/cm“=sec
; 220 2, 588413
% 330 2,638+13
; 440 2,71B¥13
; | f 550 2.81B+13
N 660 2.93E+13

770 3.058+13
880 3.188+13
990 3.31E+13 s
{; 1100 3458413
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Appendix G

Table i,
Pu-240 Content (grans/te)
of Irradiated U-238

Imaaton o2y B2l R
1 hezT 0, ;
22 337.0 3.6 1.4
33 525.8 8.5 1.6
4 707 4 15,2 2.1
55 884,3 23.8 2,6
66 1054.0 W1 3.1
77 1216.5 45,8 3.6
88 1374.3 59.0 4.1
99 1524.8 73-7 4,6
 pu-2i0 gzgtzni.(kg/te)
of Irradiated U-238
Imatation  Re29 RS et
110 1. 361 0,052 542
220 2,844 0,305 9.7
330 3.681 0.578 13.6
4o ho25h 0.874 17.0
550 L, 661 1,166 20,0
660 4,947 1,442 22,6
770 5.115 1,690 24,8
880 5,234 1.906 26.7
990 5.306 2,086 28,2
1100 5435k 2,234 29.%
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Irradi. .ion

Time Sdaxgz

11
22
33
by

55
66

77
88

99
110
220
330

550
660

770

Y90
1100

Table 3,

Isotopic Composition of Principle Uranium
Nuclides per metric ton of Irradiated Th-232

Urani:z
0.651
0.149
0,307
0.503
0.727
0.973
1.233
1.503
1.783
2,07
4,96
7.80

10,55
13.18
15.77
18,33
20,80
23,18
25,60

U=-232
%
0,001
0,001
0,001
0,001
0,002
- 0,002
0,002
0,002
0,002
0,002
0,004
0,005
0,007
0,008
0.010
0,012
0,014
0,016
0,018

U-233
%

95,

98,78

98, 7k

98,70"

98,68
98,64
98.61
98, 57
98.53
98.50
98,10
97.66
97.20
96,69
96,16
95.59
95.00
94,39
93.76

U-234
‘é%gs

1,22
1.25
1,28
1.32
1.35
1.38
1,42
1.46
1.48
1.86
2,27
2,68
3.14
3.60
4,10
4,60

U=235

0.001

0.002

0,004
0.005
0,006
0,008
0,010
0,011

0.013
0,020
0.040
0,070
0.110
0.160
0,220
0,300
0.380
0.480
0.590
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: { Table 4,
3 oA Xeno= and Kr-85 (grams/te);
e r 150 Days Cooling Time (Spent LWR Fuel)
B
5? | Irradiation Xenon
3 | i Time (days) Isotopes Xe-136 Kr-8
: | 110 522 223 T‘é.g
o 220 1058 449 7.5
,. . 330 1591 676 10,8
1 !
5 40 2128 90k 13.8
z ; 550 2671 1136 16,7
C 9 4
SEE 660 3219 1374 19,4
po3 ‘ 4
S 770 3762 1605 21.9 i
5' - ﬁ 880 4308 1836 24,2 ;
: 1100 5417 2312 28.3 ;
; { L Table 5. }
‘ % Xenor and Kr-85 Egrams/te); j
x 'L 750 Days Cooling Time (Spent LWR Fyel) 1
- Irradiation Xenon i
. 2} Time (days) Isotopes Xe-136 Kr-85 1
E ¥ , 110 522 223 3¢5 5
: ¢ / 1
- i 220 1058 W9 6.7
E 330 1591 676 9.7 ’
3 i 440 2128 9ok 12,k ;
| ! 550 267 1136 15,0 i
1
3 660 3219 1374 174 ,
770 3762 1605 19,7 j
f 880 4308 1836 21,7 ;
990 L4874 2081 23.7 ;
1
1100 5417 2312 25.5 :
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3 !
, {
e Xenon Isotﬁg?t?xr-as Ratios;
f | 150 and 750 Days Cooling Time (Spent LWR Fuel)
'- | Irradiation
: 220 14,6 1574
z "‘ 330 147,7 164, 4 |
! 440 153,9 171.1 ;]
L 550 159.7 177.6
| v 660 165,9 1841 ]
t ’ 770 172, 191,4 '5
3‘ : 880 178,2 198,2 ;1
E i 990 185.1 205.8 |
' %: 1100 191.3 212,7 i
‘L v Xe=136 'lt‘:obiz-gs Ratios; j
R 150 and 750 Days Cooling Time (Spent LWR Fuel) ;
3 '
k P ; m&& 150 Days 0 Days
2 110 57.0 345
f 220 60.1 66,8 j
E 130 62,8 69.8
' f 140 65,4 7.7 ]
| 550 67.9 75.5 1
660 70,8 78.9 :
_f '. 770 73.4 81,6 3
| 880 7549 B+, 5 ‘
i 990 79.0 879
o 1100 81.6 90,8 ,1
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3 MMANSAAL Y SIS AT
E A Daily Accumula'g:}l.(géame) of Xenon;
| ' Five te/day Reprocessing Plant (Spent LR Fuel)
1 Irradiation
| 220 5290 2245
330 7955 3380
,, t 440 10,640 4520 4
o 550 13,355 5680 %
M 660 16,095 6870 '
X 770 18,810 8025 i
*. 880 21,540 9180 ﬂ
A 990 24,370 10,405 ;
& 1160 27,085 11,560 i
,, i ¢ Table 9,
; 3 Daily Accumulation (grams) of Kr-85; 3
E : Five te/day Reprocessing Plant (Spent LWR Fuel) 1
Irradiation ]
h - ? i Tineus ga.xsz 150 D?19?6Cooligg 0 D?x7?60001195 3
o ? 220 7.4 33.6
- 330 52,9 484
o 69.2 62,2 ]
550 83.7 75:2 .
{; 660 97.0 87.1 j
| 770 109.3 98,3 'q
v 880 120.9 108.7 1
970 131.7 118,4 !
E ey 1100 14,6 1274 i
O j

P
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g - Table 10,
4 L . Xenon and Kr-85 (grans/te);
F ) 150 Days Cooling Time (U=-238)
; { ' Irradiation Xenon
E | | Meu%_ax_sl feoght &%‘}39 5%’:3&
: 220 175.17 72,62 0.58
- 330 PO 18 1,09
1 | 4o 45,14 228,48  1.72
550 784,76 329,12 2.4
PR 660 1058.88 446,08 3.2
: ' ; 770 1363.65 575.28 4,13
- ‘ 880 169686 718,08 5.07
‘. f 990 205822 873.12 6,09 :
| 1100 2445,09 1039, 04 7,16 i
,, L Table 11, |
é; 755 Saye Gooting Time 0-230) |
g
S Tine (aaye]  Isotopes  Xe=136 o |
S 110 57,21 23439 0.1 %
L 220 175,17 72,62 0.5
| | 330 139,49 1.k 0,98 |
f 440 45,14 228,48 1.55 g
f 550 784,76 329,12 2,20 j
| ; 660 1058,88 446,08 2,92 ‘
- 770 1363.65 75,28 3.2 3
: | 880 1696,86 718,08 56
.0 2058,22 873.12 5.48 _
, 1100 24i45,09 1039, Ok 6.4k
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Table 12,
W Xenon Isotopes to Kr-85 Ratios;
” 150 and 750 Days Cooling Time (U 238)
Irradiation
220 " 302,0 336.9
330 311,5 3464
hko 316,9 351.9
550 321,6 356.7
660 ' 326,8 362,6
770 330.2 366.6
880 334,7 37241
990 338,0 375.6
1100 3.5 379.7 ;
i
£ Table 13,
Xe=136 to Kr=-85 Ratios;
150 and 750 Days Ccoling Time (U=-238)
']!:‘ﬁzdifd: xi:nz 150 Days 750 Days
110 97.5 129,9
220 125,2 139,7 ;
330 129,8 144,3
440 132,8 1474 j'
550 134,9 149,6
660 137.7 152,8
770 139.3 154.6 §
880 i41,6 157.5 | j
990 13,4 159.3 3
1 1100 145,1 161.3 1
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g . Table 14,
: U Daily Accumulation (grams) of Xenonj
: Five te/day Reprocessing Plant (U-238)

E ‘ : %ﬁ:dlg:i:n Xenon Isot Xe=136
o 220 ' 875.9 362,0
o 330 1697.5 707.2
t 140 2725.7 1142 4
: 550 3923,8 1645.6
t: s 660 5204, 4 2200, 4
: b 770 6618.3 28764 ﬂ
g 3, 880 848, 3 35904 :
S 990 102911 4365.6 1
F 1100 12225,5 5195.2 i
B Table 15,
e nes g Fhan. (0230
’ Irradiation :
‘- : Time (days) 150 Days-Cooling 750 Days Cooling
N 110 1.2 0.9 :
. 220 2.9 2,6 ?
| 330 5.5 4,9 ‘
E o 8.5 7.8 |
o 550 12,2 11,0 ’
i 660 16,2 14,6 j
' 770 20,7 18,6 f
880 25,4 22,8
990 30.5 27.4
( 1100 35.8 32.2 |

! 1
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Table 16,
Xenon and Kr-85 (grams/te);
150 Days Cooling Time (Th=-232)

Trradiation Xenon

TimeiigazaQ Isotogﬁs XQ-E$6 Kr:fi

220 33.3 14,0 0.6
330 82,9 35.0 1.4
440 156.0 66,0 2,6
550 253.9 107.4 4.3
660 378.4 160,5 6.3
770 531.1 227,1 8.8
880 713.8 04,6 11,7
990 925,6 395,8 15,0
1100 1168,2 500,5 18.8
Table 17,

Xenon and Kr-85 (grams/te);
750 Days Cooling Time (Th-232)

Irradiation Xenon

Iéyeié%axal }§2&%22§ Xe-136 Kr-85
.7 2,7 0.1
220 33.3 14,0 0.5
330 82,9 35,0 1.3
440 156,0 66,0 2.4
550 253.9 107.4 3.8
660 378.4 160,5 5%
770 531.1 227.1 7.9
880 . 713.8 304.6 10,5
990 925,6 395.8 13,5
1100 1168,2 500, 5 16,9
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kf" Xenon Isoto'gzl:oil%;-% Ratios;
150 and 750 Days Cooling Time (Th-232)
| | Irradiation
| 220 59.5 65.3
330 58,8 65.3
| 40 59.1 65.8
550 59.6 66.3
v 660 60,2 66,8
! | 770 60,6 67.3
i i. | 880 6.1 68,0
990 61.8 68.7
% 1100 62,1 69.1
L
Xe~136 Ezbl%:-éz‘}iatios;
150 and 750 Days Cooling Time (Th-232)
) Irrediation
. 3 ; Time (days 150 Days Cooli 0 Days Cooll
L 110 ..5__.:25.5._.1 — z,i__y_g___n.az 5
) 220 25,0 27.5 ':_
330 24,8 27.5
4o 25,0 27.8 K
550 25.2 28,1 |
660 25,5 26,4 §
- 770 25.9 28,8 !
'l | 880 26,1 29,0 j
‘ 990 26,4 29,4 ‘
WA NI 1100 26.6 29,6
s I:
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L A G S5
g K_,f’ Daily Accumulag:ie(:g;ms) of Xenon;
* 1 #ive te/day Raprocessing Plant (Th-232)
Irradiation
; a Tinens gaxg2 Xenon I:?;‘QP}_S. l(_e_;_%
220 166.6 70,1
30 bk, 5 17,8
P -. 440 780,1 329.8
550 1269, 5 5372
f'; 660 1891,8 802, 4
ol 770 ’ 2655.4 1135.6
+ 80 3569.2 1523.2
: 9%0 4628,2 1978.8
3 1100 5840,9 2502 4
; {W Daily Accumula{?:ie(g;ms) of Kr-85 :
‘ Five te/day Reprocessing Plant (Th-232) ;
S '}‘ﬁ:dhgd :xignz 150 Days Cooling 750 Days Cooling |
. ‘, 110 0.6 0.5
r ) | 220 2.8 2.6 :
330 7.1 .t |
% 140 13.2 11,9
' 550 21.3 19.2
660 3.5 28,3 ;
770 43,9 39.5 ;
380 58,4 52.5
990 75,0 67 a
( 1100 94,0 8,6
i




F . Table 22,
- Xenon (grams per O.45 te)};IWR Fuel
! Irradiatior‘\ Xenon )
» Tine Sda.xa Isotopes Xe=)
] 110 ‘_‘3&'23 “‘6:10 -
i : 220 ., u76 202
S
' 330 76 304
? 40 958 407
- 550 1202 511
y 660 1449 618
S 770 1693 722
" 3‘ 880 1939 826
) 990 2193 936
; 1100 2438 1040
L Table 23, g
‘ Xenon (grams per 0,45 te);U-238 .
| ;
L Irradiation Xenon ¢ H
Time Sdaxs} Isotopes Xe=13 2
110 "7.3'& 11 E
- ‘
N, ’ !
L, Table 24, :
s Xenon (grams per 0,45 te);Th-232 4
3
Irradiation Xenon H
Time Sd&ZSZ Isotopes Xe=136
2 15 1.2
140 70 30 ]
| 660 170 72
,‘ 880 321 137 *
' 1100 525 225
| i
;"J/M ¥
Wk
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Appendix H

Flux Values for Irradiated Th-232;
Blanket to Core Ratio of O.4

Im%é:;:)o " Tine neut:%:: }::g‘ .
110 . 1
220 1,032E+13
320 1,0528+13
Lo 1,0848+13
550 1.1248+13
660 1,172E+13
770 1,220E+13
880 1,272E+13
990 1,324E+13
1100 1,3806+13

=880
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